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SUMMARY
1 • The errent uf feeding a severe Zinc deficient
diet (0.9 mg Zn./Kg) to lambs was investigated by- 
assessing performance, plasma proteins, plasma bound 
and unbound Zinc.
2. Performance decreased, and results indicated an
inability to adapt to the deficient conditions in 
six weeks. Food conversion was three to four times 
less efficient than in the control lambs, growth
rate was significantly lower after three weeks, and
food intake decreased in the first week. Rapid 
recovery of performance occurred when Zinc supplemented 
diets (40 mg Zn./Kg) were fed.
3. External symptoms of Zinc deficiency showed some 
relation to plasma alkaline phosphatase activity which 
decreased during six weeks. Pin-prick sized 
haemorrhages were observed in the same week that 
enzyme activity decreased significantly. An expla­
nation of the haemorrhages was suggested by reference 
to published work by the author.
4 . Total plasma protein concentration increased 
significantly each week. This was mostly due to a 
rise in globulin concentration, whilst albumin con­
centration was decreased. Both these proteins showed 
normal values after five weeks of feeding Zinc supple­
mented diets. This suggested that Zinc stimulated 
the synthesis of albumin, and inhibited the synthesis 
of globulins.
5* Evidence was obtained to suggest that Zinc
deficient female lambs had a more efficient mechanism
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Zinc,c<1- ando{2-globulins.
6. Evidence showed an interrelationship between
total plasma Zinc, plasma protein bound and unbound 
Zinc.
7* Protein bound Zinc in normal lamb plasma was
located in albumin andcf2-macroglobulin.
8. Evidence was obtained which suggested a possible
homeostatic mechanism controlling bound and unbound 
plasma Zinc in Zinc deficient lambs. The amount of 
albumin bound Zinc decreased rapidly, whilst the 
c<2-macroglobulin bound Zinc was retained for a longer 
time. The amount of unbound Zinc remained relatively 
constant throughout. Therefore, the evidence suggested 
that albumin was releasing Zinc to maintain the 




it is generally accepted in veterinary sciences 
that the certainty and speed with which a disorder in farm 
animals, arising from deficiency or excess of a dietary 
component, can be recognised depends greatly upon the 
clarity with which the clinical consequences of this disorder 
have been characterized in experimental studies. In most 
of the numerous disorders attributable to deficiency of 
trace elements the signs are insufficiently specific to 
achieve a satisfactory diagnosis by consideration of a 
single gross lesion. Thus progress towards identification 
of the disorder must be achieved by more detailed 
consideration of the variety of clinical and metabolic 
lesions.
There have been inadequate experimental studies 
of lambs with Zinc deficiency. , Work by Underwood and 
Somers (1969), with several species has shown the sensitivity 
of the young growing animal to a suboptimal Zinc supply, 
has illustrated that the demands to meet specific metabolic 
functions may differ greatly. They found, for example, 
that spermatogenesis was depressed by even mild Zinc 
deficiency, in the absence of other detectable lesions.
The consequence of this could be poor reproductive performance 
in farm livestock which would support a suggestion made by 
Davies and Baker (1974) after extensive survey work that 
deficiency of some trace elements may be more widespread 
than hitherto believed.
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It has also been emphasized by Mills (1974)
that failure to achieve an adequate description of the
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the response of the animal, is responsible for many of the
difficulties in assessing the impact of the trace elements 
upon animal health. This is supported in PAO/WHO (1974) 
Animal Health Year Book, in that of 137 countries reporting 
on the incidence of animal diseases only thirty provided 
evidence suggesting adequate appraisal of the significance 
of trace element disorders.
A complete review and citation of the literature 
pertinent to the role of Zinc nutrition and metabolism in 
animals would be beyond the scope of this presentation.
The objective in this thesis, therefore, has been to 
present a limited review of dietary Zinc deficiency mainly 
in ruminants, and its subsequent effects in experiments on 
performance and blood plasma constituents. Several 
reviews are available which cover a broader approach to 
the physiology and biochemistry of Zinc in various species. 
These include work by Prasad (1966) on Zinc Metabolism, 
by Vallee (196 9) on Biochemistry, physiology and pathology 
of Zinc, by Mills et al. (1969) on Metabolic role of Zinc, 
and by Miller (1970) on Zinc Nutrition of cattle. Data 
for conducting nutritional and metabolic experiments with 
Zinc deficient animals has been described by Mills (1970). 
Many of these recommendations were used by the author in 
designing his experiments in 1971» when his research 
commenced. These recommendations included the adoption of 
a paired-fceding regime for control animals because of the
poor food consumption which was closely associated with 
the development of Zinc deficiency*
The following review of literature is confined 
to Zinc deficiency occurring naturally, and by induction on 
semi-synthetic diets; the effects of Zinc deficiency on 
performance, plasma proteins, and plasma bound Zinc; 
the location and distribution of plasma bound Zinc in 




Review of Literature 
The first report to meation the importance of 
Zinc in nature was made by Raulin in 1869. He described 
Zinc as an indispensable nutrient for the growth of the 
mold Aspergillus niger. This occurred 65 years before 
Todd, Elvehjem and Hart (1934) published evidence that 
Zinc was essential for rats. In the same year Bertrand 
and Bhattacherjee (1934) showed Zinc to be essential for 
mice. For more than 20 years after these results were 
published Zinc was not a subject of very active nutritional 
investigation, probably because no Zinc deficiency syndrome 
was apparent in animals. This is evident from textbooks
on animal physiology and animal nutrition by Dukes (1955) 
and Maynard and Loosli (1956) respectively which stated;
"Zinc is an essential element but Zinc deficiency is not 
a practical problem."
At this time, however, major losses of pigs due 
to parakeratosis had been occurring for many years; it 
was recognised eventually as being due to Zinc deficiency 
by Tucker and Salmon (1955). Later, Zinc deficiency was 
shown in poultry by 0*Dell, Newberne and Ravage (1958) and 
was induced experimentally in both calves and lambs by 
Mills, Dalgarno, Williams and Quarterman (1967).
There are two complementary methods of investigating
the nutritional role of an element in animals. Firstly,
cases can be sought where the element is deficient in the 
animal’s diet under naturally occurring conditions;
11
secondly, semi-synthetic diets can be fed whereby the level 
of the element consumed by the animal can be varied.
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suitable for controlled conditions. The first method 
remains, however, an essential complement to allow comparison 
of symptoms in animals made deficient by the semi-synthetic 
diet.
The first report of a naturally occurring deficiency 
of Zinc in ruminants was made by Legg and Sears (1960).
The deficiency was seen in cattle grazing forage on sandy 
soils in British Guiana particularly where the predominant 
grass was Pangola grass (Trachypogon polymorphus). Other 
reports of naturally occurring deficiencies include those 
of Haaranen (1963) in Finland and Grashius (1964) in the 
Netherlands; Pierson (196.6) with sheep in the U.S.A. and 
Semenkhanov (1972).
Research reports dealing with production of Zinc 
deficiency in sheep on semi-synthetic diets include those 
of Ott et al. (1964; 1965); Mills et al. (1967); Arora 
et al. (1968 a,b.); Underwood and Somers (1969). Work 
with goats include those by Miller et al. (1964; 1966 a,b,c.; 
1968b); and on cattle by Miller and Miller (i960; 1962);
Miller et al. (1965 b,c; 1966 a,b; 1967a,; 1968 a,b.);
Mills et al. (1967) and Pitts et al. (1966).
The external symptoms of Zinc deficiency are 
similar in both the naturally occurring deficiency and in 
the syndrome developed by feeding Zinc deficient semi­
synthetic diets. From these reports, however, some 
differences exist, between different ruminants and also
12
there is a difference which depends on the severity of the 
deficiency.
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has been described by Haaranen (1963) as an early symptom
of Zinc deficiency in cows. Later, Hyppola (1966) reported 
that itching cows had a greater incidence of difficult 
conceptions and abnormal oestrus. He attributed these 
symptoms to Zinc deficiency. He also observed that there 
was a tendency for cystic degeneration of the ovary, and 
that the retention of placenta after calving was more 
prevalent than in non-itching cows.
In naturally occurring Zinc deficiency, Legg and
Sears (i960) observed a parakeratosis which rapidly spread
over forty per cent of the body surface of cattle especially 
the muzzle, vulva, anus, top of tail, ears, back of hindlegs, 
flanks, knee and neck. Their rate of growth was also 
decreased.
Naturally occurring Zinc deficient sheep, observed 
by Pierson (1966), showed most of the previously mentioned 
symptoms and included loss of wool and the development of 
thick, wrinkled, pink skin.
During experimental studies on calves fed low 
Zinc semi-synthetic diets. Miller et al. (1970) and Mills 
et al. (1967) observed that excessive salivation and 
proliferation of bacteria on the surface of the tongue was 
one of the earliest external symptoms of Zinc deficiency. 
Other symptoms noticed early in the deficiency, in addition 
to the above were, rough hair, swelling of the feet and 
legs, loss of hair on the rear legs and lesions in the skin
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around the hooves. Later in the deficient state, a stiff 
gait, swelling of the hocks and knees, wrinkled appearance 
or the skin as well as red, scabby appearnace to the skin 
has been reported. Some calves were reported as having 
a vision impairment. Inflammation of the skin around the 
nose and mouth with submucosal haemorrhages were also 
observed.
Similar symptoms were observed by Mills et al. 
(1967) in lambs fed low Zinc semi-synthetic diets, although 
they did not observe any skin inflammation or submucosal 
haemorrhages.
These external clinical symptoms were associated 
with the Zinc concentration of the diet and have been used 
by some workers in attempts to assess an optimum level of 
dietary Zinc which would alleviate the symptoms of Zinc 
deficiency without giving excess Zinc, whilst maintaining 
the animal in health and production. No general agreement 
has been reached on a suitable level of dietary Zinc for 
these purposes in one species. Experimental evidence 
shows a considerable variation in dietary Zinc requirements. 
Miller et al. (1962) showed that 25 mg Zn./Kg. diet was 
sufficient for six month old calves, whilst Miller et al.
(1963) reported that one year old bulls did not require 
more than 8.7 mg Zn./Kg. dietary Zinc. Work by Ott et al. 
(1964; and 1965) showed that 2.7 mg Zn./Kg. dietary Zinc 
was inadequate for either calves or lambs because visible 
symptoms of Zinc deficiency became apparent. These were 
mainly loosening of the hair in calves and the wool in 
lambs, followed by swelling of the area between the hocks
14
and the hoof, lesions of the skin above the hoof and around 
the eyes. These symptoms agreed with those describing 
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Experimental results by Ott et al. (1964; and 
1965) also showed that the time in which the external 
symptoms became apparent were not consistent between the 
calves and lambs, despite the fact that the diets were 
similar in Zinc content. This would suggest that the 
dietary Zinc was not necessarily an indication of the
physiologically available Zinc.
Whilst Ott et al. (1965) suggested that 103 mg 
Zn./Kg. diet was sufficient to alleviate external symptoms 
of Zinc deficiency in calves and lambs. Mills et al. (196?)> 
however, suggested that only 10 to 14 mg Zn./Kg. diet was 
necessary. The diets used by these different workers were 
similar in respect to all the constituents, with the 
exception of the Zinc content. Therefore it must be 
assumed that all the dietary Zinc was available for
absorption by the animals.
Although the external symptoms of Zinc deficiency 
are useful for assessing the general condition of the animal, 
the criteria of weight gain and food intake have been more 
important in assessing the performance of the animal.
In the experiments by Ott et al. (1965), their 
lambs showed a greatly reduced weight gain with 2.7 mg 
Zn./Kg. diet as compared to the control lambs with 100 mg 
Zn./Kg. diet. Nevertheless, the deficient lambs continued 
to maintain a small gain in weight each week for fifteen
15
weeks. This result, however, did not agree with the 
abrupt cessation of weight gain observed in lambs and 
calves fed i ,2 mg Zn./Kg- diet in experiments by Mills et 
al. (1967). When the dietary Zinc was increased from 
1.2 - 3*0 mg Zn./Kg. diet, in experiments by Mills et al., 
a small gain in weight occurred each week which compared 
favourably with results reported by Ott et al.; this 
was despite the fact that the lambs remained Zinc deficient, 
relative to controls, and showed the accepted external 
symptoms of deficiency.
Mills et al. (1967) suggested that 7 mg Zn./Kg. 
diet was sufficient to maintain growth, whilst 15 mg Zn./
Kg. diet was required for maintaining the level of blood 
constituents and overall health.
There is little agreement amongst research 
results on an optimum concentration of dietary Zinc which 
can prevent Zinc deficient symptoms. In addition to the 
dietary Zinc levels suggested by Mills et al., however,
Arora et al. (1968 a.) found that 50 mg Zn./Kg. diet was 
necessary in lambs and calves in order to maintain health 
and production. Other workers, Underwood and Somers (1969), 
and Holod et ai. (1969) suggested that between 33 and 74 mg 
Zn./Kg. diet was necessary for maintaining growth in lambs.
Very little relationship exists when the Zinc 
requirement of ruminants on semi-synthetic diets are 
compared with the Zinc intake of ruminants that have 
developed Zinc deficiency under natural occurring conditions. 
Legg and Sears (I96O) found that cattle developed symptoms 
when consuming grass which contained 18 to 22 mg Zn./kg.
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diet in one instance, and 34 to 42 mg Zn./Kg. diet in 
another instance. Zinc deficiency symptoms have been 
fVLûïd ill cattle cuxxS'cuûlîî  natural diets with even higher 
Zinc contents. An example was seen by Grashius (1964) 
who reported that external symptoms of Zinc deficiency 
were apparent in calves consuming hay, grass or silage 
which contained 80 mg Zn./Kg. diet. Other examples of 
ruminants showing external symptoms of Zinc deficiency 
whilst they consumed natural diets with high Zinc content, 
have been reported by Hyppola (1966), Haaranen (1963), 
and Holod (1969). Further review and discussion of these 
examples are beyond the scope of the present review; 
such studies involve the interrelationship of Zinc with 
other constituents of natural diets which are not contained 
in semi-synthetic diets, and thus relate to Zinc uptake and 
retention in the animal.
In addition to the external symptoms and the 
depressed growth rates, many reports claim that decreased 
food consumption accompanies Zinc deficiency in many animals 
These reports, including those by Miller et al. (1968) in 
pigs. Miller and Miller (1962) in calves; Miller, Pitts 
and Clifton (1964) in goats, and by Ott, Smith, Stob and 
Beeson (1964) in lambs, all show that reduced feed intake 
in Zinc deficient animals is highly characteristic and is 
more than a Zinc effect of appetite.
In Zinc deficient pigs Miller et al. (1968) 
found that growth rates diminished before food Intake was
reduced. Miller (1970) and (1971) has suggested that 
biochemical or physiological changes or both may precede
17
the reduced feed consumption in Zinc deficiency. He did 
not, however, elaborate further on these suggestions, and
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published. Further, Mills et al. (1969) reported that 
forced feeding of Zinc deficient animals caused death; 
this seemed to demonstrate that Zinc deficient animals 
were unable to metabolize normal amounts of food.
An interesting result of increased food intake 
was found, however, by Heathery et al. (1973) in Zinc 
deficient male goats. They fed Zinc deficient diets to 
goats for a much longer period, 20 weeks, than previously 
published for Zinc deficiency experiments. Their results 
showed that the food intake of deficient goats decreased 
drastically during the first two weeks and remained depressed 
for a total of eight weeks. Subsequently, however, the 
food intake increased steadily until by the eighteenth week 
of deficiency, the food intake had returned to starting 
values.
The most interesting fact about this result is 
that the external clinical symptoms continued to increase 
in severity whilst the food intake was increasing. Further, 
there were no compensating improvements in weight of the 
goats, thus indicating that the food intake was inefficiently 
used.
It would seem reasonable to suggest therefore 
that, in goats fed Zinc deficient diets for long periods, 
increased metabolism of food may occur. Research in this 
field has not advanced sufficiently to offer a biochemical 
explanation for this observation.
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The importance of the characteristic that animals 
on Zinc deficient diets for up to ten weeks have reduced 
food intakes, was brought to light by Mills and Chesters 
(1970) at the World Association for Animal Production 
International Symposium. They argued that it was 
inappropriate in nutritional and metabolic experiments 
with Zinc to use ad lib. fed control animals as the sole 
basis of comparison with Zinc deficient animals. Their 
argument was based from results which showed that both 
Zinc deficient ruminants and rodents had poor food 
consumption. After making reference to work by Humphries 
and Quarterman (1968) on the role of Zinc in appetite 
regulation, they recommended that the usual recourse should 
be a paired-fceding regime. This requires that the pair- 
fed control animals consume restricted quantities of food 
based on the quantity consumed by the Zinc deficient animals. 
They also suggested that ad libitum fed control animals are 
observed in parallel with the pair-fed animals.
In determining the dietary Zinc requirement of 
various animal species, gain in body weight has been the 
most frequently used criterion. This was undoubtedly due 
to the fact that attempts to relate tissue Zinc concentra­
tions to alterations in the intake of this metal with 
ruminants by Miller and Miller(l962), and Ott, Smith,
Stab and Beeson (1964) and with rats by Miller, Fischer, 
Elcoate and Mawson (1958) had shown that, with the exception 
of the pancreas, muscle, brain and possibly bone, there was 
little change in the Zinc content of body tissues, this was
true whether the diet was Zinc deficient or contained an
19
excess. This indicated the possibility, therefore, that 
some tissues may possess homeostatic mechanisms for Zinc 
control.
In these studies of determining the effect of 
Zinc deficiency on the Zinc content of tissues, few reports 
have examined the Zinc content of blood. Those that have, 
find it to be relatively constant, despite the low dietary 
intake of the element, and the onset of clinical symptoms.
In experiments by Miller and Miller (1962), clinical signs 
of Zinc deficiency in calves developed in eleven weeks, 
whilst Zinc in whole blood fell by only 30 per cent from 
2.7-1 .9 ̂ g/ral. This contrasted with results by Mills et 
al. (1967) where clinical signs of Zinc deficiency in calves 
developed in only two weeks, when the Zinc in plasma fell 
more dramatically than in blood, by 78 per cent from 0.9 - 
0.2 jig/ml. The calves in both sets of experiments had
approximately the same daily zinc intake. Similar rapid 
decreases in plasma Zinc levels were found for Zinc deficient 
lambs by Mills et al. (1967). In contrast, the plasma Zinc 
levels of Zinc deficient lambs in experiments of Ott et al.
(1964) did not show rapid decreases, and took ten weeks to 
reach levels of plasma Zinc similar to those in experiments 
of Mills et al.
The results of studies by Mills et al., showed 
that if the plasma concentration of Zinc decreased below 
0.4 ̂ g/ml and remained below this figure for more than one 
week, then growth was arrested and later, clinical signs of 
Zinc deficiency developed. However, during the first week 
on Zinc deficient diets, good rates of growth were maintained, 
even when plasma Zinc concentrations were low. This
20
suggested that plasma Zinc determinations may have a 
limited value for the detection of Zinc deficiency and 
also the possibility that homeostatic mechanisms for 
controlling physiologically available Zinc may be present 
in plasma.
The external clinical symptoms of Zinc deficient 
animals has been correlated with the activity of alkaline 
phosphatase in the plasma. This enzyme is, however, only 
one of several enzymes which require Zinc as an essential 
component for activity. Early workers concerned with 
Zinc deficiency such as Hove, Elvehjam and Hart (1940) 
found that the activity of intestinal alkaline phosphatase 
was decreased in Zinc deficient rats. Similarly, Day and 
McCollom (1940); Luecke, Olman and Baltzer (1968);
Newland, Ullery, Holfer and Luecke (1958), and Oberlas et 
al. (1966) all found that alkaline phosphatase activity 
decreased in plasma of pigs fed Zinc deficient diets. 
Moreover, they found that the reduced enzyme activity 
occurred noticeably at the same time as the external 
clinical symptoms.
Earlier work by Luecke et al. (1956) in pigs, 
and later by Miller (1965) in calves, showed that the 
level of this enzyme activity in plasma was correlated 
with the degree of Zinc deficiency. Thus the lower the 
activity, the greater was the severity of the skin lesions. 
Moreover, Kirchgessner and Schwartz (1975) have shown that 
serum alkaline phosphatase can reflect the mobilization of 
endogenous Zinc reserves in lactating cows by showing 
increased enzyme activity; therefore they suggest the 
activity of this enzyme is the most suitable measurement
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for diagnosis of Zinc deficiency. Several workers, 
including Fujioka and Lieberman (1964), Williams et al.
(1965), Buchanfcixi auu Ksit (î96G), tuxu Williams and Chesters 
(1970) have investigated the effects of Zinc deficiency on 
the synthetic rates of protein and D.H'.A. The general 
concensus which emerged was that Zinc deficiency caused 
marked inhibition of protein and D.N.A. synthesis. This 
would suggest that a change in Zinc status of an animal 
might be reflected in the concentration of plasma proteins. 
Despite this possible association and its far reaching 
implications, very few reports have been published of 
work investigating plasma protein levels in Zinc deficient 
animals.
A decrease of total plasma proteins has been 
reported by Hove et al. (1940) in rats fed Zinc deficient 
diets and more recently this decrease was supported by 
results by Shyy-Kwa and Hurley (1971). They found a 
significant (P<C0.01) reduction in total plasma proteins 
of rats after four weeks of consuming Zinc deficient diets. 
Similar reductions in plasma protein concentrations have 
been found by Rahman et al. (1961) in chicks and by Fox 
et al. (1965) in Zinc deficient quail.
By contrast, the total plasma proteins were 
found to increase significantly (P<0.01) when Zinc 
deficient diets were fed to lambs in experiments by Ott 
et al. (1964) and to pigs by Miller et al. (I960).
Further analysis and measurement of the plasma 
protein fractions in Zinc deficient pigs were made by 
Miller et al. (1968a); these showed that whilst the pigs 
continued to consume the Zinc deficient diet, the total
22
globulin level increased. This, however, was entirely due 
to a significant (P <0.01) increase in the concentration
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tion in these pigs, decreased significantly (P <0.01).
These results confirm earlier results in pigs by Hoefer 
et al. (i960) and by Smith et al. (i960). Although Ott 
et al. (1964) attempted similar estimations of plasma 
protein fractions in Zinc deficient lambs, their results 
were inconclusive because inadequate methods of fraction­
ating the globulin fraction had been carried out. However, 
their results showed a significant (PCO.OI) increase in 
the total globulin concentration, which they suggested was 
probably a response to secondard infection from the open 
lesions on the skin of the Zinc deficient lambs. The 
albumin concentration in these lambs showed a tendency to 
decrease but the difference in levels was not significant.
Further evidence of changes in protein concentra­
tion in Zinc deficient lambs was observed by Parry and 
Lacey (1975), when the plasma fibrinogen level increased 
significantly (P<0.01) during six weeks of Zinc deficiency.
If further understanding of Zinc nutrition in 
ruminants is to be achieved, it seems reasonable to assume 
that investigations on the distribution, binding and 
transport of Zinc in plasma must be pursued. Such work 
might be expected to throw light on the homeostatic 
mechanisms which provide ionic or physiologically available 
Zinc in a suitable form for biochemical activity, and also 
on the relationship of ionic to bound Zinc. It would be 
expected that changes in the ratio of ionic to bound Zinc 
might also change in Zinc deficiency and be responsible for
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the appearance of clinical symptoms.
Studies on the binding of Zinc to plasma proteins 
were xlx’sL made by Vlkblâdh Subsequently, more
extensive studies were made by Wolff $956) and Parisi and 
Vallee (1970). The results from these experiments have 
shown that Zinc in human plasma is transported by plasma 
proteins partly as exchangeable or loosely bound Zinc, 
and partly as non-ex changeable or firmly bound Zinc.
These two forms of protein bound Zinc correspond to the 
metal-protein complex and metalloprotein fractions 
respectively of Vallee and V/acker (1970). They based 
this distinction on the strength of the chemical linkage 
between the metal and the associated protein. In 
metalloproteins, the metal atoms are bound very firmly 
and do not separate from the protein during analytical 
procedures; therefore the protein would ultimately, after 
analysis, contain stoichiometric quantities of metal. In 
metal-protein complexes, the metal atom is loosely bound 
and its linkage with the protein is more tenuous. Vallee 
and Neurath (1954) and (1955) found that on progressive 
purification, the ratio of metal to protein, and metal to 
enzymic activity and of enzymic activity to protein 
approached fixed limits. The loosely bound metal ions, 
which were not related to enzymic function, were removed 
as purification was achieved, and their concentration 
eventually decreased to negligible values.
The identification of metal-binding sites of 
proteins has been based largely on the mode of interaction 
of metals with amino acids, peptides, and their derivatives. 
Such studies described by Vallee and Whacker (1970) have led
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to the general conclusion that amino acid side chains of 
proteins, having dissociable hydrogen ions, serve as the 
ligands for metal interactions; though peptide nitrogen 
atoms can also participate as shown by Martin and Edsall
(1960) and Koltun et al. (1963).
Almost all of the potentially reactive groups 
of amino acids have either been demonstrated or postulated 
by Vallee and Williams (1968a) to bind metals; these 
groups include the c(c-carboxyl and aspartic acids; the 
6-amino group of lysine; the imidazole group of histidine; 
the phenoxy group of tyrosine; sulphydryl groups of 
cysteine and the guanidinium group of arginine.
Metalloproteins are distinguished by the small 
number of metal ions which are firmly bound to the proteins. 
These metal ions according to Vallee (i960) are bound to a 
limited number of specific sites on the protein molecule# 
Vallee and Williams (1968 a,b.) suggested that in general 
a metal prefers a particular arrangement of the ligand 
groups with which it interacts.
This metal ion binding has been argued to cause 
conformational changes in proteins which can be detected 
by X-ray, optical rotatory and spectrophotometric studies. 
Such measurements by Gurd and Murray (1954) and Perkins
(1961) in metal containing proteins suggest that the 
probable site of Zinc binding is to the side chain carboxyl 
groups and possibly to the histidyl side groups mentioned 
by Gurd and Goodman (1952), and Edsall et al. (1954 a,b.).
Earlier reference was made to plasma Zinc being 
bound either loosely or firmly to plasma protein; the 
metal-protein complex and metalloprotein fraction
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respectively. The loosely hound Zinc was recognised by
Wolff (I95G), Prasad (1966), and Parisi and Vallee (1970),
when isotopic Zinc was added in vitro to human plasma.
They isolated and identified albumin as the plasma protein
which contained the loosely bound Zinc. Further, in vitro
and in vivo analysis showed that the Zinc content of
6*5albumin was freely exchangeable with Zn.; therefore 
they concluded that Zinc in albumin was loosely bound.
Independent biochemical studies by K§gi and 
Vallee (i960) on the metal binding properties of albumin 
and its reactive groups have suggested the possibility of 
Zinc binding to thiol (-SH) groups. These studies have 
also suggested that albumin may be heterogenous. Human 
and bovine plasma albumin was freshly prepared by ammonium 
sulphate precipitation by Edsall et al. (1954 a) and its 
molecular weight determined as 68,000. This albumin 
contained less than one thiol (-SH) group. The thiol 
content of the fresh human albumin was within the range 
0.65-0.70 -SH groups per mole and that of bovine albumin 
was within the range 0.50-0.75 -SH groups per mole.
Although albumin preparations were found to be homogenous 
by ultracentrifugation and electrophoresis, data by King 
et al. (i960) however, suggests the existence of two types 
of albumin molecules. They found that one group of 
albumin molecules contained a thiol group, whilst the other 
group contained mixed disulphides.
The possibility that albumin molecules may exist 
in two types raises doubt whether all the Zinc in albumin 
is distributed between the two types with similar loose 
bonding referred to earlier. The answer to this problem
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might affect the availability of Zinc in nutritional 
disorders of animals.
Work reported by Shrivastava, Croch and Zaicrzewskl 
(1972) showed that albumin molecules could be fractionated 
into three major fractions by chromatography and electro­
phoresis. They expressed some doubt whether the observed 
heterogeneity of human albumin might reflect the in vivo 
state, or alternatively whether it is an artifact caused by 
preparative and analytical procedures, as has been suggested 
by Andersson (1966).
The amount of Zinc bound to human albumin has 
been determined by several workers, but uncertainty exists 
as to the proportion of the total plasma Zinc which is bound. 
It is necessary to refer to human plasma sample analysis 
because similar Zinc binding studies ha\e not been published 
for ruminants.
Sixty to seventy per cent of total plasma Zinc 
was found by Prasad (1966) to be loosely bound to albumin. 
Giroux and Henkin (1972) however found that a higher 
proportion, 85-98 per cent of total plasma Zinc was bound 
to albumin.
Evidence is available to show that Zinc is bound 
to other plasma proteins in addition to albumin. One of 
the earliest reports to suggest this possibility was made 
by Vikbladh (1951), who suggested that Zinc was bound in 
a specific way to 'special* carrier-proteins. His results 
suggested that whilst all human plasma Zinc was protein
bound, 35 per cent was tightly bound to a globulin protein
and the remainder was loosely bound to albumin.
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Later, Wolff (1956) drew attention to the
importance of Zinc being bound to a number of plasma 
proteins. He suggested that 60 per cent of human plasma 
Zinc was loosely bound. He did not, however, make any 
further suggestions on the properties of globulins as 
Zinc binding proteins. Vessel and Bearn (1957) suggested 
that Zinc was bound to (\2-globulin.
Further investigations on the Zinc binding 
globulin did not advance until analytical techniques in 
metal and protein analysis had progressed. As plasma 
Zinc is at such low concentrations it was not until I960 
when the sensitive and accurate technique of atomic ab­
sorption spectrophotometry was developed that accurate 
measurements could be obtained. Furthermore, the methods 
of protein separation used prior to 1956, involved con­
ditions which were disruptive to metal-protein studies. 
However, advances were made when Peterson and Sober (1956) 
and Sober et al. (1956) developed their technique of ion- 
exchange chromatography for separating plasma proteins 
with high resolution at any required sample load.
The adaptation of these techniques by Himmelhoch 
et al. (1966) and later by Parisi and Vallee (1970), 
resulted in the separation from human plasma of the 
metalloprotein, (\2-macroglobulin. This protein was found 
to contain firmly bound Zinc. Himmelhoch et al. (1966) 
fractionated human plasma proteins by using ion-exchange 
chromatography and determined Zinc by atomic absorption 
spectrophotometry. Three Zinc containing fractions were 
isolated. The Zinc content of these fractions were non
dialysable thus indicating that the element was firmly
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bound. They did not, however, attempt to purify these 
fractions. Parisi and Vallee (1970 modified this method 
of fractinnati on by intnodiioing * gel filtration* into the 
procedure and by minimizing metal contamination. Therefore
Parisi and Vallee were able to isolate 0(2-macroglobulin and 
analyze its content of bound zinc. This protein molecule 
was shown to bind 30-1+0 per cent of the total Zinc of human 
plasma. Although they did not estimate the amount of 
Zinc in albumin, they nevertheless tested both the 
(X2-macroglobulin and albumin fractions to see whether the 
stable Zinc in these fractions was exchangeable with Zinc. 
The result showed no ^^Zinc in the oC2-macro globulin 
fraction but a substantial amount was recovered from the 
albumin. Thus the 0(2-macroglobulin bound Zinc was firmly 
bound, in contrast to the loosely bound Zinc in albumin.
They estimated that the mean quantity of bound Zinc in 
Ol2-macroglobulin was between 320-770 Jig/g of protein, 
corresponding to 4*1-10.0 g.atoms of Zinc/mole.
Zinc has been found bound to other protein frac­
tions and amino acids in human plasma, in addition to 
albumin and ok2-macroglobulin by Prasad and Oberleas (1970), 
Boyett and Sullivan (1970), and Giraux and Henkin (1972).
The results reported by Boyett and Sullivan (1970) 
showed that a mean total plasma Zinc concentration of 
75*5 - 12.7 jig/lOO ml was bound more or less completely by 
three fractions: albumin bound 63*5 - 10.6 jig. Zn./lOO ml,
^-globulin bound 1.6 - 0.7 Jig* Zn./lOO ml, and a third 
fraction,Tf-(X2-macroglobulin binding 11.5 - 2.4 jug. Zn./
100 ml. This third fraction was composed of transferrin 
and &2-macroglobulin plasma proteins. A reciprocal
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relationship between the amount of Zinc bound to these 
proteins was found; when the Zinc concentration was high 
in transferrin it was low in <%2-macroglobulin and vice 
versa.
The importance of amino acids as binding molecules 
for Zinc in plasma was brought to light by the work of 
Prasad and Oberleas (1970). Using in vitro studies of 
separated human plasma proteins and amino acids, they 
found that amino acids competed effectively with albumin, 
haptoglobulin, transferrin and IgG for the binding of >Zinc 
in solution. A similar phenomenon was not observed with
ceruloplasmin and (X2-macroglobulin; these two proteins 
showed special stronger binding properties with respect 
to Zinc in vitro.
Of the many amino acids which they studied, 
histidine was most prominent in its binding properties for 
Zinc; Gurd and Goodman (1952) have reported previously 
that Zinc ions are bound to the imidazole group of the 
histidine residues in the albumin. Free amino acids are 
present in plasma and thus it is likely that some plasma 
Zinc which is not bound to plasma proteins may be loosely 
bound to these amino acids. This amino acid-bound fraction 
of plasma Zinc may have ein important role in the absorption 
and transport of this element from the gastro-intestinal 
tract•
This, however, may not be the only method of
transport in portal blood as demonstrated by Evans and
Winter (1975) in the rat. They found that in portal 
venous plasma, whilst the major fraction of ^%inc was
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bound to albumin the remainder of the isotope was associated 
with higher molecular weight proteins including transferrin 
and C(2-macroglobuiiii.
Very little information is available in the 
literature which gives an estimate of the amount of plasma 
Zinc which is not bound. Prasad and Oberleas (1970) 
estimated the amount of unbound human plasma Zinc by 
ultrafiltration as 2-8 per cent of the total plasma Zinc.
Considerable attention has been given in this 
review to the identity of the binding proteins and the 
amound of Zinc which they bind as a proportion of the 
total Zinc in normal human plasma. Such studies are 
important in that they may throw light on possible mechanisms 
controlling the availability of Zinc for maintaining 
physiological functions in the normal as well as in Zinc 
deficient conditions.
In humans the effect of Zinc deficiency on plasma 
bound Zinc has not been fully investigated. The same is 
true for ruminants or other animals. Low plasma Zinc has 
been observed as a symptom in some diseases.
In patients suffering with Laennec’s cirrhosis, 
where the total plasma Zinc was low, Boyett and Sullivan 
(1970) found that the amount of Zinc bound to Tf-o(2-macro- 
globulin remained constant, even when the total plasma Zinc 
fell by 41 per cent. The albumin bound Zinc, however, was 
shown to decrease linearly with total plasma Zinc, thus 
indicating that this Zinc was loosely bound and more 
labile in contrast to the more firmly bound Zinc to 
Tf-0C2-raacroglobulin.
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The amount of Zinc bound to albumin in Zinc 
deficient plasma was unrelated to that amount bound to 
Tf-32-macfuglobulin. It is puwalule, however, that the 
total plasma zinc was not sufficiently low to cause a 
change in the amount of Tf-<2-macroglobulin Zinc*
These results suggest that the Zinc binding to 
Tf-<C2-macroglobulin is a constant amount, and available 
possibly even in extreme Zinc deficient conditions to 
satisfy metabolic essentials.
Zinc homeostatis in mammals was first reported 
by Borg and Cotzias (1958) in the rat. Later, Vallee 
(1959) observed that the concentration of Zinc in several 
tissues remained relatively constant in Zinc deficient 
rats, thus indicating homeostatic regulation.
Two methods of homeostatic control of Zinc were 
postulated by Cotzias, Borg and Selleck (1961) and Cotzias 
and Papavasiliou (1963); the first was the control of 
Zinc excretion and the second method was by controlling 
the absorption of the element.
Both methods of control of Zinc levels were 
shown to occur in calves by Miller et al. (1966a), (1968), 
(1970) and (197^). Of the tv/o controls changes in 
absorption, however, appeared to be a greater factor.
65Absorption values for Zn were observed as high as 80 per 
cent in calves fed low Zinc diets containing 2 - 4 mg 
Zn/Kg. diet compared with 53 per cent in calves fed a non 
Zinc deficient diet containing 35 mg Zn/Kg. diet.
Whilst Miller (1970) and Miller et al. (1970) 
were unable to show the breakdown of this mechanism for 
Zinc absorption in a very severe deficiency state.
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increasing dietary Zinc to high levels (Miller et al.
(197*1)) caused the mechanism to begin to break down.
This was seen by the Zinc content of some tissues, which 
had maintained constant Zinc levels in Zinc deficiency, 
increasing in total Zinc content; this increase was far 
greater than the proportionate increase in total Zinc 
intake, thus indicating selective accumulation and homeo­
static breakdown. V/hilst the Zinc intakes were high, they 
were nevertheless substantially below those associated 
with any gross indication of toxicity.
On the whole the data available supports the 
concept that the percentage of dietary absorption and 
endogenous excretion of Zinc is dependent on tissue levels 
of Zinc and thus tends to maintain homeostatic control 
of Zinc at the tissue level. Miller (1969) suggests that 
the changes of Zinc level in soft tissues is somehow 
reflected back to the intestine where the Zinc absorption 
and endogenous excretion occur. Miller et al. (1966),
(1968), have shown that feeding a Zinc deficient diet to 
calves had two effects on tissue Zinc levels. The first 
effect was a decrease in Zinc content of many tissues 
within a few days after consuming the diet; this decrease 
was not large and it varied between the tissues. The 
second effect lasted over the subsequent few weeks when 
the level of Zinc in these tissues did not appear to 
change; if the feeding of Zinc deficient diet was continued 
long enough, external symptoms of deficiency became apparent 
and a reduction of Zinc occurred in some of these tissues 
whilst in the others, the Zinc level remained reasonably 
constant •
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It has been suggested that several tissues 
possess their own control of Zinc concentration. When 
Zinc deficient diets were fed to pigs by Gassens et ai. 
(1963) and to cattle by Miller et al. (1963) and Miller 
(1970), Zinc content of some tissues, including liver, 
pancreas, kidney, hair and bone was found to decrease.
In other tissues, including brain and muscle, however, 
the zinc content remained unaffected, even when external 
symptoms of deficiency were apparent. This would appear 
to limit severely the usefulness of tissue Zinc level in 
diagnosis of a Zinc deficiency in individual animals, a
fact previously recognised by Blackmon et al. (1967).
This evidence suggests that in Zinc deficient 
animals, some individual tissues have their own homeostatic 
mechanisms for controlling Zinc levels.
The exchange rate of Zinc from blood to tissues 
such as liver, kidney, heart and lungs was found by Miller
(1969) to be much more rapid than to tissues such as red 
blood cells, bone, muscle and hair. This, therefore, 
suggests that blood plasma has two forms of bound zinc, 
a loosely bound Zinc for efficient exchange and supply to 
the tissues, and a more firmly bound Zinc. The effect of 




Aims of Experimental Work
It is established that ruminants, similar to 
mammals in general, require adequate dietary Zinc for 
normal health and functioning. In deficiency of Zinc 
however, research has shown that pathological, behavioural, 
physiological and biochemical symptoms are evident. There 
are also alterations in general performance of animals.
The results of studying these various symptoms have been 
inadequate, largely because each symptom has frequently 
been studied in isolation of other symptoms, with little 
attempt to relate the results of such study to the animal 
as a whole.
In general, homeostasis of elements is the 
ability of the animal to maintain constancy with varying 
intake levels. Accordingly, investigations of factors 
influencing homeostasis of Zinc, such as severity of Zinc 
deficiency, and the mechanism of Zinc transport, would 
consider both fundamental and applied aspects of biochemistry 
and nutrition.
It was the intention of this thesis therefore, 
to examine whether experimental evidence was available 
for detecting homeostatic control of Zinc in lambs which 
were fed a severe Zinc deficient diet. To fulfil this 




(c) bound and unbound Zinc in plasma.
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In addition to this applied approach, it was anticipated 
that fundamental knowledge on the binding of Zinc to plasma 
pi'olcixiti in lambs would be advanced.
It was considered necessary in these investigations 
to use both male and female lambs. The reason for this 
was based on suggestions that steroid hormones may influence 
the concentration of Zinc in plasma. McBean, Smith and 
Halstead (1971) and Halstead, Hackley and Smith (1968), 
found that oestrogens in the human female lowered the 
plasma Zinc without causing a total body depletion of the 
element. Aitken, Lindsay, Hart and McKay (1973), later 
confirmed this result in human females, and further suggested 
that progesterone v;as also involved. Flynn et al. (1973) 
found that an injection of progesterone into human males, 
increased the concentration of plasma Zinc. More recently, 
Yunice et al. (1975) has confirmed these results and 
suggested that a balance could be operating in females 
between oestrogens causing a decrease in Zinc, and pro­
gesterone causing an increase in plasma Zinc. This further 
suggests that the female might have a greater advantage of 
homeostatic control of Zinc over the male. This could 
lead to the possibility that the female is more protected 
against Zinc deficient effects.
Six experiments were planned and carried out.
The results of each one are shown in Chapters 5 to 10.
Whilst the main aim of these experiments has been stated 
above, the individual aims and the co-ordination between 
these experiments are described below.
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In Chapter 3 there were two aims. The first was 
to see whether dietary Zinc deficiency affected three 
criteria of performance of Iambs. These criteria were 
growth, food intake and food conversion. This experiment 
differed in two respects from the work of Mills et al.
(1967); firstly by its design, and secondly by the low 
dietary Zinc content of 0.9 mg Zn/Kg. diet. The second 
aim was to see whether these criteria would reflect any 
mobilization of endogenous Zinc reserves under severe 
dietary Zinc deficiency.
In Chapter 6 the aim was to measure the activity 
of the Zinc dependent enzyme, plasma alkaline phosphatase 
with the intention of comparing this activity with external 
clinical symptoms of Zinc deficiency observed by Day and 
McCallom (1940), Luecke et al. (1936), and Miller et al.
(1963). Their results showed that a reduction in plasma 
alkaline phosphatase activity in cows and pigs was closely 
related to the severity of external clinical lesions.
In Chapter 7. the aim was to investigate whether 
a Zinc deficient lamb maintains its plasma protein concen­
tration in total or the concentration of some individual 
fractions. This experiment was planned in the light of 
the results from Chapter 3 which showed that the growth 
rate of Zinc deficient lambs continued to increase, but at 
a much reduced rate than in control lambs. There is
abundant evidence by Pories et al. (1967), Buchanan et al.
(1968), Mills et al. (1969) and Williams and Chesters (1970), 
that Zinc is necessary for protein synthesis and cell growth. 
This evidence coupled with the result in Chapter 3, suggested
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that physiologically available Zinc might have been used 
for protein synthesis enabling the maintenance of minimum 
gx'uwth noted in Zinc deficient iambs. Tne level of plasma 
proteins might reflect the activity of protein synthesis 
and, in turn, the physiologically available Zinc. Experi­
ments were designed to measure the concentration of plasma 
proteins and the individual fractions:- albumin, total 
globulin, 0(1-, Ü2-, and ̂ -globulins. In this way, 
evidence might be found that a homeostatic control mechanism 
exists, which maintains physiologically available plasma 
Zinc concentration under severe dietary Zinc deficiency.
The experiment was therefore intended to investigate the 
concentration of plasma proteins and individual protein
fractions in Zinc deficient, and subsequently Zinc supple­
mented male and female lambs.
In Chapter 8, there were two aims. The first was 
to obtain an estimate of the amount of Zinc bound to plasma 
proteins in lambs fed a Zinc supplemented diet; the second 
aim was to investigate whether a Zinc deficient diet had 
an effect on the amount of bound and unbound plasma Zinc. 
Previously, Kaurowitz (1961) and Vallee (i960) showed that 
Zinc was bound to human plasma proteins, but no work has 
been found published for Zinc bound to lamb plasma proteins. 
The first aim of this experiment was concerned with Zinc 
bound to proteins of molecular weight greater than 500.
From this result, anticipating that some Zinc was protein 
bound, the quantity of unbound Zinc could be calculated by 
subtracting the amount of protein bound Zinc from the total 
plasma Zinc.
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It is well recognised - Harabridge (1974) - that 
the total Zinc concentration in plasma and tissues, as 
with several other elements, is not always related to the 
amount of that element which is physiologically available. 
This quantity of an element is difficult to assess. The 
terms 'diffusible', 'non-protein bound*, 'ionized*, 'free', 
and ' ultrafiltrable* have been used interchangeably in the 
literature, and it is recognised that they can represent 
different plasma constituents. It is the intention in 
these experiments to use the realistic term of 'unbound 
Zinc*. This will include the amount of Zinc which is 
physiologically available.
In Chapter 9, it was intended to determine and 
characterise the plasma proteins which were able to bind 
Zinc in lambs fed Zinc supplemented diets. This aim was 
suggested in the light of results from the previous experi­
ment where Zinc was found bound to plasma proteins.
In Chapter 10, the aim was to investigate whether
the Zinc bound to the proteins which had been characterised 
in Chapter 9, was influenced in lambs fed a Zinc deficient 
diet. This result was a prerequisite to enable the 
unbound Zinc fraction to be assessed. A further assessment 
could then be made of the possibility that lamb plasma may 
have a homeostatic mechanism for the control of physiologi­
cally available Zinc.
The identification of metabolic defects arising 
during dietary Zinc deficiency in these experiments could 
provide information which may well be applied to the task 
of improving techniques for the detection of such disorders 
in the field.
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.Ex no ri ment a j. Methods »_
(iene/ral Exoerimortal Desian and Treatments.
Pr e- e xn e r 1 m en t a 1 T r e a t ] n e rit
(ij CJun Forest lamda, each 6-8 weeks old wore purchased
between 1971 and 19/4 rrom the University of Bristol
farm at Langford House. In 1971 fifteen male lambs 
and in 19/2 fifteen female lambs were purchased for 
experiments described in Chapters 5,b,7 and 8; the 
data on these individual lambs is recorded in Appendix 
14-23. Add!tinn91 lambs weie purchased for experiments 
in Chapters 9 and 10. Initially all. lambs were fed a 
normal diet consisting of hay and concentrate (Lamb 
and Ewes.oencils from Oxoid Ltd.).
Fourteen days before the commencement of any experi­
ment using the basal Zinc deficient diet the hay and 
concentrate diet was withheld and all lambs were fed
on the Zinc deficient basal diet, described on page _
supplemented with ZnS0^.7H2 0; this diet is henceforth 
called supplemented basal diet and it contained 40 mg 
Zn/Kg. diet.
(ii) Animal house and pens
The lambs were housed in individual pens throughout 
the experiments. The pens were made of wood with 
concrete floors. The metallic fittings were covered 
by plastic sheets so that lambs could not lick them. 
Wooden slattings were used on the floor to serve as 
bedding.
The pens were washed and cleaned three times per week. 
Temperature of the house was approximately 68°-70^F. 
throughout and exhaust fans exchanged the air 
continuously.
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(ill) Diets and Water
Two types of diet were prepared - a Zinc deficient 
basal and a supplemented basal diet.
The preparation of the Zinc deficient basal diet was 
according to the formulation by Mills et al. (1967) 
with little modification; it is described on page if3* 
This diet contained 0.9 mg Zn/Kg. diet after analysis 
by atomic absorption spectroscopy described on 
page 4.6.
The supplemented basal diet was prepared by the 
addition of a calculated quantity of Zinc sulphate 
(ZnSO|^.7H20) to the Zinc deficient basal diet so 
that it contained 40 mg Zn/Kg. diet.
Diets were offered in plastic feeders each morning  ̂
at the same time.
Experimental Treatment
(i) Fifteen lambs were randomised by weight into three
comparable groups containing 5 lambs in each. Each 
group was treated differently as follows 
Zinc deficient group: fed Zinc deficient basal diet
(0.9 mg/kg Zinc) ad lib.
Pair-fed control group: fed restricted quantity of
supplemented basal diet (40 mg Zn/Kg. diet).
The daily food intake of individual lambs in 
this group was equated with the previous day's 
food intake of lambs in the Zinc deficient group. 
Ad lib, control group: fed an unrestricted amount of
supplemented basal diet (40.0 mg Zn/Kg. diet). 
The duration of each experiment was twelve weeks.
This time was divided into two period of six weeks.
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During Period 1 (Weeks 1-6 inclusive) the groups were; 
Zinc deficient group 
Pair fed control group 
Ad lih control group 
During Period 2 (Weeks 7-12 inclusive) the Zinc 
deficient and ad lib control groups exchanged 
treatments, so that:-
Zinc deficient group - ad lib control group in 
Period 1,
Pair-fed control group - remained on same 
treatment,
Ad lib control group - zinc deficient group in 
Period 1•
(ii) Collection of Data and Samples for Analyses
(a) Data for growth and food conversion efficiency
The live weight of lambs was recorded once per week 
and growth rates were calculated as g live weight 
gain per week.
The lambs were offered their diet at the same time 
each morning.
The lambs which were fed ad lib i.e. the Zinc 
deficient and the ad lib control groups, were 
allowed to eat to their appetite. The quantity 
of food uneaten was weighed back the next day, and 
in this way a 24-hour food intake was recorded.
The individaul lambs in the pair-fed control group 
consumed the same quantities of food as lambs in 
the Zinc deficient group.
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The food conversion efficiency (P.C.E.) was
calculated by the ratio:
Food intake (g/week|
Growth rate Z^week)
(ii) (b) Preparation of Plasma Samples
10 ml of blood from the jugular vein was collected
into heparinised tubes twice each week. Plasma was
separated by centrifuging at 3000 r.p.m. for 10
minutes and kept in a freezer at -20^0.
(c) Clinical Observations
The lambs were observed daily for any clinical 
symptoms of Zinc deficiency on the body surface. 
Gross clinical symptoms were photographed and are 
shown in Chapter 6.
(d) Biochemical Estimations
The plasma samples were analysed for:- 
concentration of Zinc, total protein, alkaline 
phosphatase activity, and protein fractions which 
bound Zinc.
Methods of analyses are described separately.
(e) Statistical Analysis
The factorial method of analysis of variance was 
used. Analysis was carried out on the last four 
weeks of each six week period. This gave lambs 
two weeks of adjusting to new diets at the begin­
ning of Period 2.
Statistical significance of treatment differences 
were determined by the F test and the multiple range 
test of Duncan (1935).
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Preparation and Composition 
of the Zinc Deficient Basal Diet
The diet wat* prepared from the ingredlentu whown 
in Table (i).
The mixing procedure was carried out as follows. 
Pour separate premixes were prepared. The first, premix 
A, contained all vitamins and antibiotics shown in Table
(iii); the second, premix B, containing NaCl and trace 
elements (Pe; Cu; Mn; K) shown in Table (ii); the third 
premix C, contained the other minerals shown in Table (ii); 
the fourth, premix D, with the exception of choline chloride 
and Arachis oil, contained the other components in Table (i),
Spray-dried egg albumin was obtained from 
Messrs. H.D. Hardie and Co., Edinburgh, Solka floc-B.W.40 
cellulose from Johnson, Jorgenfen and Wettre Ltd., and 
maize starch from Corn Products Corporation (C.P.C.). All 
other ingredients of the diet shown in Table (i) were 
.supplied by Dalgety-Crosfields Ltd.
Each premix was separately mixed in a stainless 
steel mixer for fifteen minutes.
Premixes A, B and C were added to Premix D and 
mixed for fifteen minutes. Choline chloride mixed with 
some of the sucrose was then added to the total mix, and 
mixed for a further five minutes. This procedure was 
carried out because choline chloride is a water absorbent 
substance and could not be mixed directly with the minerals. 
Finally Arachis oil was added with further mixing of all 
the dietary components for ten minutes.
The diet was stored in polythene bags. Before 
each batch of this diet was fed to the lambs, a sanpie
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was analysed for Zinc content. During the series of 
experiments the Zinc content of the diet ranged between 
0.75 mg and 1.20 mĝ K̂g; mean 0.9 mg Zn̂ '̂ Kg. diet.
With the co-operation of Dalgety-Crosfields Ltd. 
for frequent supply of diet ingredients and the mixing 
facilities at the Veterinary School, University of Bristol, 
Langford, the diet was prepared in batches. Each batch 
was sufficient food supply for lambs for six weeks.
Table (1)
Percentage Composition of the 
Zinc Deficient Basal Diet
Ingredients % of Diet
Dried egg albumin 9.00
Glucose 32.00
Maize starch 38.00
Solka Floe Cellulose 9.00
Arachis oil 6.00
Mineral supplement 5.40
Vitamin and antibiotic supplement 0.56
Choline chloride 0.14
Table (il)
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Table (iii)












Vitamin B̂  g 44.00
Ascorbic Acid 110.00
1 innositol 110.00
Vitamin D (Delestrol 3000 i.u./g) 14.30
Chlorotetracycline (Aureomycine) 22.00
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Determination of Zinc in Plasma 
A modification of the method suggested by "Unicam" 
Instruments Ltd. (Metnoa Sneet zn^) Atomic absorption 
spectroscopy was adopted for the determination of Zinc 
in plasma.
All glassware was immersed in 2M.HN0^ over night 
and rinsed thoroughly with de-ionised water.
Method
Plasma was obtained as described earlier. A 
dilution of 1:3 with de-ionised water was made and the 
optical density of the sample was measured at 213*9 nm in a 
Pye Unicam SP.90 atomic absorption spectrophotometer. An 
oxygen/acetylene flame and a slit width of 0 .15mm were used. 
The Zinc concentration in the diluted plasma samples was 
read against a standard curve and the value multiplied by 
the dilution factor to obtain the plasma Zinc concentration. 
The calibration curve was checked by standards after every 
tenth plasma Zinc concentration was determined.
Reagents
(i) Stock zinc solution, 100 mg/L
0.1 g of pure zinc was dissolved in a minimum
quantity of concentrated Analar Hydrochloric Acid and made 
up to 1 litre with de-ionised water. It was stored in a 
polythene bottle.
(ii) Stock zinc solution, 10 mg/L
10 ml of the stock zinc solution (i) was pipetted
into a 100 ml acid washed volumetric flask and made up to 
the mark with deionised water.
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Calibration
Suitable dilutions of the stock Zinc solution
(ii) with deionised water were made so that standard solutions 
could be made up containing 5, 2, 1, 0.8, 0.6, 0.4, 0.2 and 
0.1 mg Zn/L.
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Determination of o(2-Macroglobulin 
This method is based on the ability of 
o(2-macroglobulin to bind to trypsin, thereby forming an 
enzymatically active complex (Schultze and Heremans, 1966). 
In the complex, the esterase and peptidase activities of 
trypsin are protected from inactivation by soybean trypsin 
inhibitor. The amount of complex formed and, therefore, 
the degree of protection of trypsin activity, is propor­
tional to the amount of o(2-macroglobulin present (Haverback 
et al, 1962; Mehl et al, 1964).
The trypsin-protein esterase activity was measured
titrimetrically, using 0.01 M tosyl-DL-arginine methyl 
ester (TAME, Sigma Chemical Co.) in 0.001 M Tris-Cl, 
pH 7.5, as substrate, 0.08 mg twice recrystallised bovine 
trypsin (Sigma Chemical Co.) and 0.10 mg soybean trypsin 
inhibitor, (Sigma Chemical Co.).
0.2 ml of the fraction was taken with 0.2 ml of 
trypsin and 0.2 ml of soybean inhibitor, in a total volume 
of 0.6 ml. After 5 minutes of incubation at 25^C, 0.3 ml 
of this mixture was added to the substrate (2.7 ml) to start 
the reaction. The assay was performed at 25^C, PH 7.5, 
titrating with 0.1 M NaOH in a pH-stat with an automatic 
recorder. One unit of trypsin-protein esterase activity = 
2.0 jumoles of H"̂  released per minute.
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Separation of Plasma Proteins 
By Ion Exchange Chromatography
Plasma samples were obtained as previously 
described. Prior to chromatographic procedures each 
plasma sample was dialysed against 200 ml of starting 
buffer, PH 8.6, 0.005 M Succinate and 0.04 MraTris - for 
24 hours at 4°C.
The plasma samples were chromatographed on a
2.6 X 40 cm (Pharmacia Ltd.) column of D.E.A.E. - cellulose, 
micro-granular (Whatmans D.E.32). The method adopted was 
similar to Parisi and Vallee (1970) with modifications 
suggested originally by Himmelhoch et al (1966).
The ion-exchanger, D.E.A.E.-cellulose was precycled 
according to the manufacturers* instructions - Whatmans 
Instruction Manual 1973. This allowed the cellulose to 
swell in a repeatable manner. All reagents used were 
were Analar grade.
The ion-exchanger slurry was packed into the column 
and washed with buffer - 0.025M Succinic acid and 0.2 M Tris - 
until the conductivity and pH of the effluent were constant. 
This buffer, which was five times the concentration of the 
starting buffer, was pumped through the column at 250 ml 
per hour.
The packed column was then washed with starting 
buffer 0.005 M Succinate and 0.04 M.Tris - at 90 ml per hour. 
The conductivity and pH of the effluent were monitored after 
every column volume of buffer had passed through to ensure 
complete equilibrium. The conductivity and pH of the 
effluent were 1.4 milli mho and 8.6 respectively when 
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After the dialysed plasma sample had been applied 
to the top of the column and washed in, the column was 
connected to a peristaltic pump already adjusted to give 
70 ml/hour flow rate. 10 ml fractions were collected in 
an LKB fraction collector. The limit buffer was 0.2 M 
Succinate and 0.04 M.Tris. A total of 900 ml buffer was 
used. The gradient of % limit buffer and % starting buffer 
which eluted the column during the 16-hour run, was pre­
determined and shown in Fig. *1. These buffers were fed 
to the column from a gradient mixer - Gilson Ltd. mixograd.
Zinc was measured in the eluates by atomic 
absorption spectrometry described previously on page 46.
The protein was detected by measuring absorbance at 280 nm 
using an LKB Uvichord II which received the eluates directly 
from the column. The absorbance of protein in each fraction 
collected was recorded directly on an LKB chart recorder.
The eluate fractions which contained the Zinc were 
concentrated to 5 ml by ultrafiltration using PM-10 membranes 
in a Diaflo concentration cell (Amicon Corp.). These 
concentrated fractions were further resolved by gel filtra­
tion on a 2.6 X 40 cm column of Sephadex G-100.
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Separation of Protein by Gel Filtration
The zinc-rich fractions separated by Ion-exchange 
chromatography and concentrated as described on page 51 
were further resolved by Gel Filtration. The method was 
as described in the Sephadex booklet by Pharmacia Ltd. 
(1966).
A slurry of Sephadex G-100 was poured into the 
columns and allowed to settle. The packing was completed 
by washing with several column volumes of 0.01 M Ethylene 
diamine tetra acetic acid (E.D.T.A.), until the bed volume 
was constant. The 2.6 x 40 cm column was then equili- 
briated with 0.1 M.Tris, pH 8.2. 500 ml of buffer was
required for elution before the pH of the effluent was 
constant.
The concentrated sample was then applied to the 
top of the column. 300 ml of 0.1 M.Tris buffer was used 
to elute the column at a pressure of 50 cm H^O. 5 nil 
fractions were collected. The eluted proteins were 
detected by measuring absorbance at 280 nM with an LKB 
Uvichord II flow cell which received the eluates directly 
from the column. The absorbance of protein in each 5 ml 
fraction collected from the column was recorded directly 
on an LKB chart recorder.
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Molecular Weight Determination of Plasma Proteins
The protein fractions in which Zinc was detected 
were separated by the previously described methods of Ion- 
Exchange and Gel Filtration; their molecular weights were 
then determined by following a similar method to Andrews
(1964)* A 2.6 X 40 cm column of Sephadex G-100 was packed 
and eluted by 0.1 M Tris buffer, pH 8.2 as described 
earlier.
Proteins (Boehringer Ltd.) of known molecular 










. The elution volume (Ve) for each protein was 
determined; the elution volume of Blue Dextran (molecular 
weight 2 X 10^) was determined for the void volume (Vo) of 
the column. The total volume of the gel bed (Vt) was also
determined. The partition coefficient (Kav) was calculated
from the following formula:
K "  ■ # 4 - #
Calibration curves on logarithmic paper, plotting 
Kav values against the known molecular weights was carried 
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PIG. Z  RELATIONSHIP BETvVEEN Kav AND MOLECULAR WEIGHT
Proteins of known molecular weight plotted on 
a logarithmic scale against their partition 
coefficients (Kav). Proteins were separated 
by Gel filtration using sephadex G-100, in
2.6 X UO cm. columns which were equilibrated 




















PIG. 3 RELATIONSHIP BETWEEN Kav Aim MOLECULAR WEIGHT
Proteins of known molecular weight are plotted 
on logarithmic scale against their partition 
coefficients (Kav).
Proteins were seperated by Gel filtration using 
Ultrogel AcA 22, in 2.6 x UO cm. columns which 
were equilibriated with 0.1M-tris hydrochloride 
buffer pH 8.2.
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Pharmacia Ltd. These are shown in figures 2 and 3*
The zinc-rich protein fractions were applied to 
the column; their corresponding elution volumes were 
determined and their Kav values calculated. Their mole­
cular weights were then read from the calibration curve.
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DETERMINATION OF PROTEIN IN SOLUTION
The pr-oeeuiix-e was similar tu the une proposed by 
Lowry, Roseburgh, Parr (1951)• A modification was made 
by shortening the time from 30 to 20 minutes for primary 
reaction product to be converted to the blue end product.
This was done by immersing the test tubes in water at 35°C 
as recommended by Reider 0959).
Reagents;-
A: 2fo Na^CO^ in 0.1 M.NaOH
B; 0.5^ CuSO^.^HgO in 1% sodium tartrate
C: 1 ml of reagent B mixed with 50 ml of
reagent A, this solution v;as stable 
for 1 day.
D; Commercially available Polin-Ciocalteu 
reagent was diluted to 1M in acid.
Met hod
0.2 ml plasma was added to 1 ml of reagent C. 
after mixing the solution was left for 10 minutes at room 
temperature. 0.1 ml of reagent D was added and mixed 
rapidly with the solution because reagent D was unstable.
The primary reaction product was slowly converted 
to the blue end product and the reaction mixture was allowed 
to stand in water at 35^0 for 20 minutes. This gave a 
constant spectrophotoraetric reading.
The solutions were read spectrophotometrically 
at 750 nm and the concentrations determined from a calibration 
curve, which was reasonably consistent.
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CELLULOSE ACETATE ELECTROPHORESIS OF PLASMA PROTEINS
This met nod is similar* to the standard method of 
Kohn (1958). Plasma proteins were separated by electro­
phoresis on cellulose acetate membranes using Tris- 
barbital buffer, pH 8.8. The electrophoretograms were 
stained with Ponceau S and quantified by transmission 
densitometry using a Joyce Loeble Chromoscan 200.
The reagents and procedure used were the same as 
described by Henry et al. (197U).
The cleared cellulose acetate membranes were 
scanned by an integrating densitometer using a 570 mm 
filter and a 0.1 x 6 mm slit. The densitometer scan was 
adjusted to give a chart reading of 80^ transmission with 
albumin. This was to make certain that the densitometer 
readings were linearly related to concentration of plasma 
protein fractions.
The densitometer recorded the integration counts 
for each protein fraction. The concentration of protein 
in each fraction in g/100 ml was calculated as follows:-
Integration counts for each fraction x .
 --- ^ Total integration cdiinta------  (^100 ml)
The total plasma protein concentration was deter­
mined by the method described on page 56.
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POLYACRYLAMIDE DISC GEL ELECTROPHORESIS
This technique was used for locating the 
c(2-macroglobulin protein in fractions separated by ion- 
exchange and gel filtration chromatography.
The method is very similar to the one described 
by Ornstein and Davies (1964). Its high resolving power 
depends on two physical effects:-
1. The molecular sieving effect by which the
individual molecules are electrophoretically 
seperated on the basis of their molecular 
weight and tertiary structure.
2. The electrocharge effect by which the sample
molecules are fractionated according to 
their nett electric charge.
Preparation of the Gel and Buffer 
Solution Cont ent
1 30.0 g of acrylamide monomer (Eastman 5521)
and 1 g of K,N*-methylene-bis-acrylaraide 
(Eastman 8383) - Bis - in 123 ml deionised 
water. A permutit mixed bed ion-exchanger 
was used to obtain deionised water.
2 1.3 ml of tetramethylethylenediamine
(Eastman 8I78) - TEMED - added to 500 ml 
deionised water to make 0.28^ vol/vol.
3 0.7 g ammonium persulphate dissolved in
deionised water and made up to 500 ml.
The final solution was 0.14% wt/vol.
4 29.0 glycine and 6.0 g Tris (hydroxymethyl




5 Buffer solution - 29.0 g of glycine and 6.0 g 
Tris were dissolved in deionised water to 
which 5.0 ml M.HCl was added. The mixture 
was titrated to pH 8.1 and made up to 980 ml 
with deionised water. A dilution of 1:10 
of this buffer was used in the electrode 
compartments of the apparatus.
All these solutions were thoroughly mixed and 
filtered before they were stored in dark bottles and kept 
in a refrigerator.
The gels were prepared by mixing;
(a) 2 volumes of solutions 1 (acrylamide and bis)
(b) 1 volume of solution 2 (TE'ŒD)
(c) 4 volumes of solution 3 (ammonium persulphate)
(d) 1 volume of solution 4 (glycine/tris mixture)
40 ml of this mixture was sufficient for eight gels.
This gel mixture was poured into tubes 7*5 cm long which 
were siliconised with dichloro-dimethylsilane. The 
siliconisation facilitated extracting the gels from the 
tubes for staining. The surface of each gel mixture 
(before polymerisation) in the tubes was covered with 
water soon after pouring. Polymerisation of the gel was 
complete after 30 minutes. The water on the top of each 
gel was shaken off and eight tubes then placed in a disc 
electrophoresis apparatus (Shandon Scientific Co. Ltd.). 
Buffer was poured into each electrode compartment. 0.1 ml 
of the sample containing 0̂ -macroglobulin was then dispersed 
on to the top of each gel. The cathode and anode electrodes 
were then connected to upper and lower buffer reservoirs
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respectively. The power pack (Gallenkamp Ltd.) was 
adjusted to give a constant current of 1-2 ma per tube for 
t hr me minutes And t hen increased to give 4 ma per tiibç for 
thirty minutes.
The gels were then taken out of the tubes for 
staining with coomassie blue. Firstly, the gels were 
suspended in 12.5% TGA for 30 minutes, followed by immersion 
in a freshly prepared 1 :20 mixture of a 1% aqueous stock 
solution of coomassie blue and 12.5% TGA for 30 minutes.
The gels were then transferred to 10% TGA for 
preservation and scanning.
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Determination of Plasma Alkaline Phosphatase Activity
The alkaline phosphatase activity in lamb plasma 
was determined by following the standard technique in the 
Sigma Technical Bulletin No. 104* All reagents were 
obtained from the Sigma-London Chemical Co. Ltd.
The principle of the method depends on the sub­
strate p-nitrophenyl phosphate which is colourless in acid 
and alkali solution, but after hydrolysis by alkaline 
phosphatase, phosphate and p-nitrophenol are produced thus;-
phosphatase
p-nitrophenol + HgO -----------  p-nitrophenol + H^PO,
phosphate colourless in acid
(yellow in alkali)
The plasma was incubated with the buffered sub­
strate and the reaction stopped by sodium hydroxide. This 
stopped further enzyme activity and developed the yellov/ 
colouration which was stable for several hours. The 
amount of p-nitrophenol liberated after a certain time was 
proportioned to the phosphatase activity and the optical 
density was measured at 410 nm in a Unicam 500 spectro­
photometer.
The alkaline phosphatase units were determined 
from a calibration curve obtained with standard solutions; 
these solutions were made up from the working standard 
mentioned below.
The units of enzyme activity obtained were based 
on the Sigma units/ml of plasma. One Sigma unit of 
phosphatase liberated 1 micromole of p-nitrophenol per 
hour under specified conditions (1 micromole = 0.1391 mg).
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Preparation of Calibration Curve 
The working standard
0.02 N sodium hydroxide solution was added to 
0.5 ml p-nitrophenol standard solution Sigma stock 
No. 104-1 (10 millimoles per litre) and made up to 100 ml.
The standard solutions were made as tabulated in 
the following chart in which the recommended equivalent 
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The spectrophotometer v/as set at zero optical 
density, using 0.02M. NaOH solution as a reagent blank in 
1 cm cuvette at 410 nm.
The optical density was recorded using the 
standard solution in the six tubes prepared as tabulated 
in the chart above.
The optical density thus obtained for each tube 
was plotted against the corresponding recommended alkaline 
phosphatase Sigma units and a graph showing the standard 
curve was therefore prepared.
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The working standard and the standard solutions 
were freshly prepared at the time of enzyme assay and were 
discarded after use.
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DETERMINATION OF PLASMA BOUND ZINC BY ULTRAFILTRATION
Ultrafiltration was carried out in a Diaflo cell 
made by Amicon Ltd., High V/ycombe, Bucks. A filter UM.05, 
in this cell under a pressure of 55 p.a.i., retained 
proteins with molecular weights greater than 500.
Pilot recovery experiments showed that this 
method was 98 per cent efficient in retaining proteins.
Blood plasma was diluted 1 ;3 with deionized 
water before ultrafiltration. These procedures were 
carried out at 4°C.
The Zinc concentration in the retained proteins 




Investigation of Dietary Zinc Deficiency 
on the Performance of Growing Lambs
Introduction
The objective of this investigation was to give 
young lambs a diet which had a Zinc content lower than had 
previously been reported in the literature and to record 
the consequence of consuming such a diet on performance.
These results would decide whether a homeostatic control 
mechanism for Zinc can function in severe dietary Zinc 
deficiency (0.9 mgZn./Kg) as suggested by Miller (1969) 
and Miller et al (1972).
Performance was assessed by measuring food intake, 
growth rate and food conversion efficiency.
It was anticipated from previous work (Mills 
et al 1967) that Zinc deficiency would cause poor performance. 
It was, therefore, the intention to see whether good perfor­
mance could be restored to Zinc deficient lambs by giving a 
Zinc supplemented diet (40 mgZn./kg diet) and the time needed 
if this was achieved.
The effect of dietary Zinc deficiency on performance 
of male and female lambs was recorded throughout.
Experimental Design
15 male and 13 female lambs were arranged in 
three treatment groups and housed as described earlier in 
"General Experimental Design and Treatment". Each treatment 
group contained 5 lambs.
The experiment was twelve weeks in duration and 
divided into two periods of six weeks each.
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RESULTS
The three criteria of performance-food intake, 
growth rate, and food conversion are presented separately.
The analysis of variance tables are shown in 
Appendices 1-4.
The mean Zinc intake for each group during each 
period is shown in Tables la and 1b. The Zinc intake 
was calculated from the amount of food intake and a mean 
0.9 mg Zn./Kg diet.
The amount of Zinc intake per week for the Zinc 
deficient group was reasonably constant.
The amount of Zinc intake per week in Period 1 
for the Ad lib control group was slightly higher than for 
the Pair fed group, but the difference was not significant.
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TABLES 1a AND 1b
The Mean Zinc Intake (mg) per Week 
for Different Treatments in Periods 1 and 2
(Zinc deficient basal diet contained 0.9 mg
Zn./Kg; Zinc supplemented basal diet contained 40.0 mg
Zn./Kg.)














3 5.3 232.9 268.3
4 5.4 239.5 273.8
5 5.5 245.7 278.9
6 3.6 248.7 276.8
Standard Error - 3*13
Means calculated from 10 values














9 5.3 235.2 233.6
10 5.4 241.0 237.4
11 5.4 241 .2 238.8
12 5.5 245.7 241 .1
I - . . ■ ■
Standard Error ± 1.97




Table 2a and Fig. 4 show clearly that lambs fed 
Zinc deficient diets were consuming less food than controls 
throughout this period. The mean food intake per week of 
the Zinc deficient groups - 6042.75 g - was significantly 
(P<0.001) lower than the mean food intake - 6861 .5 g - 
for the ad lib control groups during the last four weeks 
of the period.
Figure 4 shows that the food intake of the zinc 
deficient groups decreased rapidly during the first week 
of the experiment. Although there was a slight increase 
in mean food intake of these groups during the last four 
weeks of the period, it did not recover either to initial 
or control values.
The Effect of Zinc Deficiency on Food Intake 
in Male and Female Lambs
The effect was similar in both sexes as shown 
in Tables 3a and 3b. In both the zinc deficient males and 
females the mean food intakes of 5727*5 g and 6358.0 g were 
significantly (P<0.001) less than mean food intakes of 
their controls, being 6435*0 g and 7288.0 g respectively.
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Zinc deficient males in Period 1 
and Zinc supplemented ad lib in 
Period 2
Ad lib male controls in Period i 
and Zinc deficient in Period 2.
Zinc deficient females in Period 1 
and Zinc supplemented ad lib in 
Period 2.
Ad lib female controls in Period 1 
and Zinc deficient in Period 2.
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Period 2
Figure 4 and Tables 2a and 2b show that feeding 
Zinc deficient diet* to lambs In this period decreased the 
food intake in a similar way to the results found in 
Period 1 •
During the first two weeks (weeks 7 and 8) in 
Period 2 the food intake of the zinc deficient groups 
decreased significantly (P<0.001) from a mean 6,925.0 g 
in week 6 to a mean intake of 5,850.0 g in week 8.
In the remaining four weeks of Period 2 the mean 
food intake of the zinc deficient groups shown in Figure 4 
and Table 2b increased significantly (P<0.001) from 5881.0 g 
in week to 6142.0 g in week 12. This was similar to the 
significant (P<0.001) increase in food intake for the ad 
libitum control group from a mean 5840.0 g in week 9 to 
6029.0 g in week 12 during the same four weeks. This 
showed that the initially lowered food intake response to 
Zinc deficiency was overcome after two weeks.
Effect of Zinc Supplementation
The mean food intake of the ad libitum control 
group (previously Zinc deficient in Period 1) which was 
6219*0 g at the beginning of this period decreased during 
the first weeks of consuming the zinc supplemented diet. 
During the remaining weeks of this period the food intake 
increased until it reached a mean of 6029*0 g in week 12.
It must be noted, however, that this mean value for food 
intake in the ad libitum control group was significantly 
lower (P<0.01) than mean food intake for ad libitum control 
group in Period 1 after a similar time.
TABLES 2a AND 2b
Mean food intakes (g/week) of lambs 
on different dietary treatments in Periods 1 and 2
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Table 2a Period 1
Weeks of Treatments
experimental







Standard Error - 23*2
Means calculated from 10 values
Table 2b Period 2
Weeks of Treatments
experimental
period Zinc deficient group
Ad libitum 
control group




Standard Error - 12.45
Means calculated from 10 values
TABLES 3a AND 5b
The Effect of Zinc Deficiency on 
Food Intake (g/week) in Male and Female Lambs
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Standard Error - 16.43 
Means calculated from 5 values








Standard Error - 8.80
Means calculated from 5 values
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Effect of Zinc Deficiency on Food Intake in 
Male and Female Lambs
Comparison of mean food intakes shov/n in Figure h 
and Tables 3a and 3L of male and female lambs on Zinc 
deficient and Zinc supplemented diets showed that there 
was little difference between the male and female intakes 
of Zinc deficient diet when the difference in intake of 




A comparison of the changes in live weight of 
lambs on Zinc deficient diets with lambs on Zinc supplemented 
diets for two periods of six weeks is shown in both Figure 5 
and Figure 6. The mean growth rates of these lambs during 
the last four weeks of each period are shown in Table 4a 
and 4b.
Period 1 The consumption of Zinc deficient diets caused 
slower growth rates than in either of the supplemented 
control groups of lambs. There was little difference in 
growth rates between the groups for the first three weeks, 
but during the fourth week the mean growth rate of the Zinc 
deficient lambs, 280.0 g/week, was significantly lower 
(P< 0.001 ) than mean growth rates of lambs in both the 
ad lib control (1118.0 g/week) and the pair fed control 
(696.0g/week) groups. This significantly lower growth rate 
persisted until the end of the period.
There was a tendency for mean growth rate of the 
Zinc deficient group to continue decreasing during the last 
three weeks of the period from 280.0 g/week in Week 3, to 
235 g/week in Week 6. This suggested that lambs had not 
adapted fully to low Zinc diets.
Although the mean growth rate of female lambs 
fed Zinc deficient diets (Table 5a) was lower than the male 
lambs, the difference was not significant. Thus the growth 
rate of females was not uniquely affected by Zinc deficiency 
compared with the males.
Period 2 In this period the Zinc deficient group showed no 
significant difference in growth rates from the Zinc deficiency 
group in Period 1 ; the mean growth rates for Zinc deficient
Period 1 — -----------------—  — Period
U 6 8 , , 10
Time on experim ent (weeks)
FIG. 5 MEAN LIVE WEIGHT OF MALE LAMBS
Zinc deficient in Period 1, Zinc 
supplemented in Period 2.
o__o_o Ad lib controls in Period 1, Zinc 
deficient in Period 2.








Time on experim ent ( w e e k s )
FIG. 6 MEAN LIVE WEIGHT 0F FEMALE LAMBS
0 0 @ Zinc deficient in Period 1, Zinc 
supplemented in Period 2
(y__Q_o Ad lib control in Period 1, Zinc 
deficient in Period 2.
X—X—X Pair fed control in Periods 1 and 2.
TABLES ka AND 4b
Mean Growth Rate (g/week)on 
Different Dietary Treatments in Periods 1 and 2
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3 280.0 696.0 1118.0
k 268.0 840.0 1975.0
5 232.0 1230.0 1700.0
6 235.0 1715.0 1103.0
Standard Error - h»kO 
Means from 10 values














9 290.0 835.0 771.0
10 133.0 715.0 900.0
11 224.0 738.0 1007.0
12 183.0 702.0 1005.0
Standard Error - 86.9 
Means from 10 values
TABLES 5a AND 5b
The Effect of Zinc Deficiency on 
Growth"Rate (g7week) in Male and Female Lambs
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Male 290.0 1250.0 1825.0
Female 217.5 990.0 1123.0
Standard Error - 3.11 
Means from 5 values











Male 200.0 792.0 1205.0
Female 215.0 702.5 636.5
Standard Error - 61.5 
Means from 5 values
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groups in both periods were 254 g/week in Period 1 and 
207 g/week in Period 2.
The mean growth rates ux the Zinc deficient group 
in Period 2 continued to decrease significantly (P<0.01) 
during the last three weeks from 290*0 g/week in Week 9, 
down to 103*0 g/week in Week 12.
The mean growth rates of the pair-fed control group 
shown in Table 4b also tended to decrease, but the difference 
between the means (835*0 g/week in Week 9 and 702.0 g/week 
in Week 12) was not significant.
Effect of Zinc Supplementation
It is interesting to note in Table 4b the rapid 
increase in growth rates for the ad lib control group.
This group, previously the Zinc deficient group in Period 1. 
responded to supplemented Zinc by growth rates increasing 
significantly (P<0.001) from 771*0 g/week in Week 3 to 
1005*0 g/week in Week 6.
The results of feeding a Zinc deficient diet in 
this period appears from Table 5b to have had more effect 
on the mean growth rate of male than female lambs. The 
mean growth rate of males was significantly (P/^O.OOl) 
lower than the mean growth rate of females. A comparison 
of Zinc deficient male and female line weights in Figures 
5 and 6 respectively, suggests however, that there was 
little difference between the males and females after 
consuming the Zinc deficient diet for three to four weeks.
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Food Conversion Efficiency (F.C.E.)
P C E - Mean food intake per week
" Mean growth rate per week
(N.B. The higher values of F.C.E. are poorer converters
of food)
Tables 6a and 6b show that Zinc deficient groups
of lambs had higher F.C.E. values than control groups in
both Periods 1 and 2. The Zinc deficient lambs were, 
therefore, less efficient at converting food.
In Period 1 the mean F.C.E. for the Zinc deficient 
group (27.31) was significantly higher (P <0.001) than 
either the pair fed group (8.7O) or the ad lib control 
group (7.56).
It is noticeable that the ad lib control group 
in Period 2 (Zinc deficient in Period 1) responded to the 
supplemented Zinc diet in Period 2 by low F.C.E. values.
The lambs were, therefore, better converters of food than 
when they consumed a Zinc deficient diet.
In both periods 1 and 2, a comparison of mean 
F.C.E. for male and female lambs (Tables 7a and Jh respec­
tively) fed Zinc deficient diets suggests that the females
were poorer converters of the Zinc deficient diet, than 
males. These differences between male and female F.C.E. 
however, were not statistically significant.
TABLES 6a AND 6b
Mean Food Conversion Efficiency (P.C.E.) 
for Different Dietary Treatments in Periods 1 and 2
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3 18.9 10.3 6.3
4 26.6 7.4 3.8
3 22.5 5.3 5.2
Standard Error i 2.5 
Means from 10 values














9 12.5 7.9 9.0
10 46.7 9.2 7.6
11 18.8 8.8 6.5
12 31.2 9.0 7.3
Standard Error - 12.4 
Means from 10 values
TABLES 7a and 7b
The Effect of Zinc Deficiency 
on P.C.E. in Male and Female Lambs
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Male 18.4 7.2 4.1
Female 28.2 6.5 6.9
Standard Error -1.8 
Means from 5 values
Table 7b Period 2
Treatments




Female 51.1 10.0 10.2
Standard Error - 8.8 
Means from 5 values
8 2 .
CHAPTER 6
A Study of Clinical Observations 
and Plasma Alkaline Phosphatase Activity
Introduction
Plasma alkaline phosphatase activity was measured 
for two reasons. Firstly, Day and McCallom (1940),
Luecke et al. (1956) and Miller et al. (1965) all found 
that a reduction in plasma activity of this enzyme during 
Zinc deficiency in cows and pigs correlated closely with 
the severity of clinical lesions. Secondly, the enzyme 
activity was thought to be a likely indicator of the 
physiologically available plasma Zinc, and therefore a 
further parameter in assessing the presence of a homeostatic 
mechanism for Zinc in plasma.
Photographs were taken at weekly intervals to 
record the external appearance of Zinc deficient lambs 
during the six week period, in comparison with Zinc supple­
mented lambs.
83.
Plasma Alkaline Phosphatase Activity
The results ror mean alkaline phosphatase activity 
are shown in Figure 7 and Tables Sa and Sb.
Period 1
The mean activity values for this enzyme decreased 
in lambs fed zinc deficient diets. The mean activity 
decreased significantly (P <p.Ol) during the six weeks, 
from 9.10 sigma units/ml at the beginning of the period to 
2.04 sigma units/ml in week 6.
Further, the mean alkaline phosphatase activity
of the zinc deficient group 3*38 sigma units/ml was
significantly lower (P <0.01) than the mean 8.77 sigma
units/ml for the pair-fed control group.
Effect of Zinc Deficiency on Alkaline Phosphatase 
in Males and Females
The results are shown in Table 9a. There was a 
significantly lower (P <0.01) mean alkaline phosphatase 
activity 1.96 sigma units/ml in zinc deficient females 
than in males 4.79 sigma units/ml fed a similar diet.
There was no significant difference between means in 
pair-fed control male and female lambs.
Period 2
The results in Table 8b showing the effect of 
zinc deficiency on alkaline phosphatase activity were 
similar to results in Period 1. The mean activity of 
the zinc deficient group decreased significantly (P <0.01) 
from 8.93 to 1.09 sigma units/ml over the six week period.
The mean alkaline phosphatase activity (1.80 
sigma units/ml) was significantly lower (P <0.01) than 
8.68 sigma units/ml for the pair-fed control group.
84.
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Z U L A  
0-0-0
Zinc deficient males in Period 1,
Zinc supplemented Ad lib in Period 2.
Ad lib male control in Period 1, Zinc 
deficient in Period 2.
Pair fed male control in Periods 1 
and 2.
Zinc deficient females in Period 1, 
Zinc supplemented Ad lib in Period 2,
Ad lib female control in Period 1, 
Zinc deficient in Period 2.
Pair fed female control in Periods 1 
and 2.
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Effect of Zinc Deficiency on Alkaline Phosphatase 
in Males and Females
In contrast to the results in Period 1, there
was a significantly lower (P <f0.05) mean activity 1.19
sigma units/ml in zinc deficient males than in females
2.41 sigma unit s/ml fed a similar diet. No significant
difference was detected between means in pair-fed control
male and female lambs.
Effect of Zinc Supplementation
The mean alkaline phosphatase activity 2.04 sigma
units/ml in the ad lib control group (previously zinc
deficient) at the commencement of Period 2, increased
significantly (P <0.01) after six weeks, to 8.27 sigma
units/ml. The activity of this enzyme in the pair-fed
control group at week 6 was 8.64 sigma units/ml.
8 ô
TABLES 8a AND 8b
Mean weekly alkaline phosphatase activity 
^sigma units) in plasma of lambs"nn 
different dietary treatments in Periods 1 and 2














3 4.79 8.71 8.87
4 3.95 8.68 8.89
5 2.73 8.66 8.71
6 2.04 8.93 8.65
Standard error - 0.25
Means calculated from 10 values














9 2.23 6.61 8.72
10 2.73 7.19 8.68
11 1.15 8.51 8.68
12 1.09 8.27 8.64
Standard error - 0.46
Means calculated from 10 values
TABLES 9a and 9b
The effect of zinc deficiency on 
plasma alkaline phosphatase in male and female lambs
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Male 4.79 8.43 8.39
Female 1.96 9.06 9.16
Standard error - 0.35
Means calculated from 5 values











Male 1.19 7.95 8.46
Female 2.41 7.33 8.90
Standard error - 0.33 
Means calculated from 5 values 
Units of enzyme activity based on sigma units/ml plasma, 
One sigma unit of phosphatase liberated 1 micromole of 
p-nitrophenol per hour (1 micromole = 0.1391 mg.)
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Clinical Observations in Zinc Deficient Lambs
Appearance After Consuming
The Zinc Deficient Diet For One Week
Zinc Deficient Lamb
89.
The only symptom was loss of wool from 





The Zinc Deficient Diet for Two V/eeks
Zinc Deficient Lamb
Wool was lost from a larger area; 






The Zinc Deficient Diet for Three Weeks
Zinc Deficient Lamb
The loss of wool continued,leaving a 
clear view of large areas of skin. Soft 
spongy outgrowths were observed on the 
feet which periodically haemorrhaged. 
Pinprick sized haemorrhages were occurring 




The Zinc Deficient Diet For Four Weeks
Zinc Deficient Lamb
The previously mentioned symptoms continued; 
also the wool was very thin, brittle and 




The Zinc Deficient Diet For Five Weeks
Zinc Deficient Lamb
In addition to the previous symptoms, 
excessive salivation was observed in all 
lambs. This is in contrast to 
observations by Mills et al. (196?) who 




The Zinc Deficient Diet For Six Weeks
Zinc Deficient Lamb
Similar symptoms were observed as 






The Effect of Dietary Zinc Deficiency 
on Plasma Zinc and Protein Levels
Introduction
Dietary Zinc is usually absorbed from the
digestive tract and subsequently enters the blood where
it is transported to the different parts of the body.
In the previous experiment the performance of
lambs decreased as a result of low dietary Zinc; it would
be expected that plasma Zinc would have shown a similar
decrease.
Most of the plasma Zinc is bound to protein in 
human plasma according to Prasad and Oberleas (1970).
On the assumption that a similar binding of Zinc occurs 
in lambs, then Zinc deficiency would pose the questions;-
(a) Does the concentration of plasma proteins change
in Zinc deficient lambs?
(b) Is there any suggestion that a homeostatic 
mechanism exists in lambs which maintains plasma 
Zinc and/or plasma proteins during Zinc deficiency.
Experimental Design
The experiment was set up as previously described 
for investigating the effect of Zinc deficiency on lamb 
performance. Determination of the following were carried
out ;-
plasma zinc, total plasma protein, albumin, 
globulins, and individual globulin fractions 
i.e. c<1-, P", and g-globulins.
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Results
Analysis of variance tables are shown in
The mean Zinc intake for each group of lambs 
during each period was shown in Tables 1a and 1b.
In the presentation of the following results 
the Zinc deficient group means are compared with the pair- 
fed control group means. The results for the ad lib 
control group given in each table are similar on each 
occasion to the results for the pair-fed control group.
97.
Plasma Zinc Concentration
Figures 6 and 9 and Tables 10a and 10b show that 
the plaama zinc concentration in the zinc deficient groups 
was lower than in the control groups during Periods 1 and 2, 
Period 1
The mean plasma zinc concentration in the zinc 
deficient groups decreased significantly (P <0.001) from 
an initial 1 .15 J i g /ml to 0.27 Jig/ml after six weeks.
This low plasma zinc concentration was significantly lower 
(P <0.001 ) than the pair-fed control mean of 1.14 jug/ml.
Most of the decrease in the plasma zinc concen­
tration occurred during the first week of consuming the 
zinc deficient diet; the mean plasma zinc decreased 
significantly (P <0.001 ) from 1.15 ug/ml to 0.37 Jig/ml.
Effect of zinc deficiency on plasma zinc 
in males and females
An analysis of variance showed no significant 
difference between plasma zinc concentration in male and 
female lambs fed on zinc deficient diets. The means are
shown in Table 11a.
Period 2
The mean plasma zinc concentration in the zinc 
deficient groups decreased significantly (P <0.001) from a 
mean 1.15 jig/ml to 0.18 jig/ral after six weeks. During 
this time the mean 0.18 jig/ml for zinc deficient groups 
was significantly lower (P <0.001) than the mean for 
pair-fed groups, 1.1 3 jig/ml.
As in Period 1 most of the decrease in plasma 
zinc concentration occurred in the first week of consuming 
zinc deficient diets; during this time the zinc concen­
tration decreased significantly (P <0.001) from a mean of
9 8
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Time on experim ent (w e e k s )
FIG. 8 MEAN PLASMA ZINC CONCENTRATION IN MALE LAMBS
0- 0-0 
X~X— X
Zinc deficient in Period 1, Zinc 
supplemented in Period 2.
Ad lib control in Period 1, Zinc 
deficient in Period 2.
Pair fed control in Periods 1 and 2.










Time on experiment { w e e k s )
PIG* 9 MEAN PLASMA ZINC CONCENTRATION IN FEMALE LAMBS
_ _ _ Zinc deficient in Period i , Zinc 
deficient in Period 2.
0— 0—0 
X— X— X
Ad lib control in Period 1, Zinc 
deficient in Period 2.
Pair fed control in Periods 1 and 2.
TABLES 10a AND 10b
Mean plasma zinc concentrations (jig/ml) 
of lambs on different dietary treatmAntm 
in Periods 1 and 2
9 9 .













3 0.301 1 .172 1.139
k 0.293 1 .160 1.134
5 0.274 1.134 1.144
6 0.248 1.154 1.136
Standard error - 0.013 
Means from 10 values














9 0.236 1.041 1.130
10 0.096 1 .099 1.135
11 0.208 1.145 1.131
12 0.169 1.170 1.127
Standard error - 0.025 
Means from 10 values
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TABLES lia AND 11b
The effect of zinc deficiency 
on plasma zinc in male and female lambs












Male 0.265 1.139 1 .112
Female 0.293 1.171 1 .165
Standard error - 0.010 
Means from 5 values












Male 0.177 1 .088 1.108
Female 0.177 1.139 1 .154
Standard error i 0.018 
Means from 5 values
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1.150 jig/ml to 0.177 Jig/ml.
Effect of Zinc Supplementation
The lambs in the ad lib group (previously %inc 
deficient in Period 1) responded rapidly, as seen in 
Figures 8 and 9, to the zinc supplemented diet containing 
40 rag/kg. However, these lambs had to be fed the zinc 
supplemented diet for four weeks, before the mean plasma 
zinc concentration was restored to levels similar to those 
in the pair-fed control groups. There was no significant 
difference between the mean plasma zinc concentration - 
1 .10 ^g/ml for the ad lib control, and 1.13 Jig/ml for 
pair-fed control groups.
These results, therefore, showed that diets 
containing 40 mg/kg zinc could raise plasma zinc concen­
tration from 0.18 jig/ml to 1.1 jig/ml in four weeks.
Effect of Zinc Deficiency on Plasma Zinc 
in Males and Females
There was no significant difference between 
plasma zinc concentration in zinc deficient male and female 
lambs. The means are shown in Table 11b. It is 
interesting to note that Lindeman et al. (1971) and 
Halstead et al. (1970) found that plasma zinc concentrations 




Total Plasma Protein Concentration
The effect of zinc deficient diets on total 
plasma protein concentration is shown in figures 10 and 
11 and Tables 12a and 12b. During both periods, the 
plasma protein concentration increased in the zinc deficient 
lambs•
Period 1
The mean plasma protein concentration 6.20 g/ 
ml of the zinc deficient group increased significantly 
(P <0.001) during six weeks to a mean of 9*43 g/lOO ml.
The mean plasma protein concentration 8.46 g/
100 ml of the zinc deficient groups for the period was 
significantly higher (P <0.001) than the mean 6.17 g/
100 ml for the pair-fed control group.
Effect of Zinc deficiency on plasma proteins 
in males and females
The mean plasma protein concentrations in the 
zinc deficient groups shown in Table 13a were significantly 
higher (P <0.01) in males, with a mean of 8.68 g/100ml, 
than in female lambs, with a mean of 8.25 g/100ml. No 
significant difference was detected between the mean 
plasma protein concentration in pair-fed control male and 
female lambs.
Period 2
The mean plasma protein concentration, 6.41 g/ 
ml of the zinc deficient group increased significantly 
(P <0.01 ) during the six weeks to a mean of 9*39 g/100 ml, 
shown in week 12, Table 12b. Further, the mean plasma
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PIG. 10 m m  PLASMA PROTEIN CONCENTRATION IN MALE LAMBS
•O— 9 Zinc deficient in Period 1, Zinc supplemented in Period 2.
^ ^ ^ Ad lib control in Period 1, Zinc 
deficient in Period 2.
X— X— X Pair fed control in Period 1 and 2.
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Zinc deficient in Period 1, Zinc 
supplemented in Period 2.
Ad lib control in Period 1, Zinc 
deficient in Period 2.
Pair fed control in Period 1 and 2.
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TABLES 12a AND 12b
Mean weekly plasma protein concentration 
\ K/1 GO mly Ox lambs on 
different dietary treatments in Periods 1 and 2














3 7*54 6.42 6.19
h Ô.Oy 6.39 6.17
5 8.80 6.44 6.17
6 9.43 6.41 6.17
Standard error - 0.11
means calculated from 10 values














9 7.65 7.64 6.17
10 8.40 6.93 6.17
11 9.08 6.39 6.20
12 9.39 6.18 6.18
Standard error - 0.18
Means calculated from 10 values
TABLES 13a AND 13b
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The effect of zinc deficiency
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Male 8.68 6.60 6.11
Female 8.25 6.23 6.24
Standard error - 0.10
Means calculated from 5 values












Male 9.22 6.66 6.11
Female 8.04 6.92 6.26
Standard error - 0.13 '
Means calculated from 5 values
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protein concentration of the zinc deficient group for the 
whole period (8.63 g/100 ml) was significantly higher 
(P \0.00i) than the mean 6.18 g/100 ml for the pair—fed 
control group.
Effect of Zinc Deficiency on Plasma Proteins 
in Males and Females
The mean plasma protein concentrations of the 
zinc deficient groups shown in Table 13b were significantly 
higher (P <0.01) in males (9.22 g/100 ml) than in female 
lambs (8.04 g/100 ml).
No significant difference was detected between 
plasma protein concentrations in pair-fed control male and 
female lambs.
Effect of Zinc Supplementation
The mean plasma protein concentration of 9.43 g/ 
100 ml, in the ad lib control group (previously zinc 
deficient in Period 1) at the commencement of Period 2, 
decreased significantly (P <0.001) after six weeks to 
6.18 g/lOO ml in week 12.
Therefore the means in Table 12b show that the 
effect of supplementing the diet of zinc deficient lambs 
with zinc was successful in reversing the raised plasma 
protein to the same value as in the pair-fed control group 
of 6.18 g/100ml in week 12. This result implies that the 
zinc supplemented in the diet was physiologically available 




The results are shown in Figure 12 and Tables 
1N9 and 14b= It is seen that dietary deficiency of zinc 
caused the albumin concentration to decrease during the 
six weeks in Periods 1 and 2.
Period 1
The mean albumin concentration in the zinc
deficient group decreased significantly (P <0.05) during
six weeks from 3*80 g/100 ml at the beginning of the
period to 3*10 g/100 ml at week 6. Further, the mean
albumin concentration of the zinc deficient group for the
period, 3*24 g/100 ml, was significantly lower (P <0.05)
than 3*73 g/100 ml for the pair-fed control group.
Effect of Zinc Deficiency on Albumin 
in Males and Females
The results are shown in Table 15a. The mean 
albumin concentration 3*17 g/lOO ml in zinc deficient male 
lambs was significantly lower (P <0.05) than 3*31 g/100 ml 
for female lambs fed a similar diet. There was no 
significant difference between mean albumin concentration 
in male and female pair-fed control groups.
Period 2
The mean albumin concentration decreased signifi­
cantly (P <0.01) from 3*92 to 3*15 g/100 ml in the zinc 
deficient lambs during this period. Similarly in Period 
1 the mean albumin concentration in zinc deficient groups 
for the period, 3*57 g/l00 ml was significantly lower 
(P <0 .05) than 3*75 g/100 ml for the pair-fed control group.
10  8.









Time on experim ent (w eeks )
PIG. 12 MEAN PLASMA ALBUMIN CONCENTRATION 
9— 9— # Zinc deficient males in Period 1, Zinc supplemented Ad lib in Period 2
A-A-A
D-CL-O
Ad lib male control in Period 1, Zinc 
deficient in Period 2.
Pair fed male control in Periods 1 
and 2.
Zinc deficient females in Period 1, 
Zinc supplemented Ad lib in Period 2.
Ad lib female control in Period 1, 
Zinc deficient in Period 2.
'Pair fed female controls in Periods 
1 and 2•
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TABLES lUa AND lUb 
Las
I M .
Mean Pl ma Albumin Concentration 
00 ml) of lambs on
different dietary ureaômenôô in rerj.oas i ana ^














3 3.42 3.88 3.73
h 3.28 3.89 3.72
5 3.18 3.93 3.74
6 3.10 3.92 3.72
Standard error - 0.05
Means calculated from 10 values














9 3.71 3.38 3.75
10 3.83 3.53 3.73
11 3.31 3.65 3.77
12 3.15 3.72 3.75
Standard error - 0.05
Means calculated from 10 values
110
TABLES 15a AND 15b
The effect of Zinc Deficiency on
Plasma Albumin in Male and Female Lambs











Male 3.17 4.03 3.68
Female 3.31 3.78 3.77
Standard error - 0.03
Means calculated from 5 values











Male 3.31 3.56 3.72
Female 3.-68 3.58 3.78
Standard error - 0.07
Means calculated from 5 values
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Effect of Zinc Deficiency on Albumin 
iP Males and Females
The results in Table 13b show that the effect
of zinc deficiency was similar to Period 1 • The mean
albumin concentration of zinc deficient male lambs of
3.31 g/100 ml was significantly lower (P <0.03) than in
females, 3*68 g/100 ml, fed similar diets. There was no
significant difference between mean albumin concentrations
in male and female pair-fed control groups.
Effect of Zinc Supplementation
The mean albumin concentration 3*10 g/100 ml in
the ad lib control group (previously zinc deficient)
increased significantly (P <0.01) after six weeks to
3.72 g/100 ml. The mean albumin concentration in week 6




Figure 13 and Table 16a show that dietary deficiency 
of Zinc resulted in the globulin concentration increasing 
during the six weeks. This increase was significant 
(P <0.01) between means in the Zinc deficient group from 
2.33 g/100 ml at the start of the period, rising to 6.32 g/
100 ml in week 6.
The mean globulin concentration, 3.22 g/100 ml 
for the Zinc deficient group was significantly higher 
(P <0.01) than the 2.46 g/100 ml for the pair-fed control 
group.
Effect of Zinc deficiency on Plasma Globulin 
in Males and Females
These results are shown in Table 17a. The mean
globulin concentration of Zinc deficient male lambs, 3*49 g/
100 ml was significantly higher (P <0.01) than the mean
globulin concentration of 4*93 g/100 ml for females on this
diet. No significant difference existed between the mean
globulin concentration in pair-fed control male and female
lambs.
Period 2
The effect of Zinc deficient diets on globulin 
concentration in this period is shown in Figure 13 and 
Table 16b and were similar to results in Period 1. The 
mean globulin increased significantly (P <0.01) from 2.48 
to 6.23 g/100 ml in six weeks.
The mean globulin concentration 5.00 g/100 ml
for the Zinc deficient group was significantly higher 
(P <0.03) than 2.^4 g/100 ml for the pair-fed control group.
113.
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Zinc deficient males in Period 1,
Zinc supplemented Ad lib in Period 2.
Ad lib male control in Period 1, Zinc 
deficient in Period 2.
Pair fed male control in Periods 1 
and 2.
Zinc deficient females in Period 1, 
Zinc supplemented Ad lib in Period 2.
Ad lib female control in Period 1,
Zinc deficient in Period 2.
Pair fed female control in Periods 
1 and 2•
TABLES 16a AND 1 6B
mcqii WG0jÿly G 3.0uuIâxa Concentration ( ^ 1 GG ifil) 
of Lambs on Different Dietary Treatments 
in Periods 1 and 2
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3 4.13 2.32 2.47
4 4.81 2.49 2.48
5 3.62 2.30 2.43
6 6.32 2.48 2.45
Standard error - 0.08
Means calculated from 10 values














9 3.96 4.27 2.44
10 4.35 3.39 2.44
11 5.76 2.73 2.45
12 6.25 2.46 2.44
Standard error - 0.47
Means calculated from 10 values
TABLES 17a AND 17b
The Effect of Zinc Deficiency on Plasma Globulin
in Male and Female Lambs
115.
Table 17a Period 1
Treatments
Sex Zinc Ad libitum Pair fed
deficient control control
group group group
Male 5.49 2.57 2.45
Female 4.95 2.43 2.46
Standard error - 0.06
Means calculated from 5 values











Male 5.91 3.09 2.43
Female 4.25 3.33 2.45
Standard error - 0.33
Means calculated from 5 values
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Effect of Zinc Supplementation
The response of the plasma globulin in lambs fed 
a Zinc supplemented diet after six weeks on a Zinc deficient 
diet is shown by the ad lib group (previously zinc deficient 
group). The mean globulin concentration decreased signi­
ficantly (P <0.01) from 6.32 to 2.46 g/100 ml in six weeks; 
thus this globulin concentration had returned to mean pair- 
fed control value of 2.44 g/100 ml.
Effect of Zinc Deficiency on Plasma Globulin 
in Males and Females
The results are shown in Table 17b. The effect 
is similar to results in Period 1 . The mean globulin 
concentration 5*91 g/100 ml of Zinc deficient males was 
significantly higher (P <0.05) than the mean globulin 
concentration 4.25 g/100 ml for females on this diet.
The pair-fed control male and female lambs were not signi­
ficantly different in their globulin concentrations.
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Plasma - and ü2-Globulin Concentrations
The effect of Zinc deficiency on these proteins 
(Tables ioa ana 10b; 20a and 20b) was similar to previous
results for total globulin. Both globulins in the Zinc 
deficient groups increased in concentration during Periods 
1 and 2. A trend towards higher concentrations in males 
rather than females was identified in Period 1 but not in 
Period 2.
Period 1
The o(1-globulin concentration of the Zinc deficient 
group increased significantly (P <&.01) during six weeks 
from a mean of 0.30 g/100 ml to 1.24 g/100 ml.
The &2-globulin concentration of the Zinc deficient 
group however showed no significant difference during six 
weeks between means of 0.70 g/100 ml and 0.74 g/100 ml.
The mean (XI-globulin of 0.98 g/100 ml of the Zinc 
deficient group was significantly higher (P <0.01 ) than the 
0.20 g/100 ml of the pair-fed control group.
Similarly, the mean c(2-globulin 1.12 g/100 ml of
the Zinc deficient group was significantly higher (P <0.01)
than 0.43 g/100 ml of the pair-fed control group.
Effect of Zinc Deficiency on - and o(2-Globulins 
in Males and Females
The results are shown in Tables 19a, 19b, 21a 
and 21b. The mean concentrations of these proteins in the 
Zinc deficient groups were significantly higher (P <0.01) 
in the males than in females.
Period 2
The mean c(l - and (X2-globulin concentrations in 
Zinc deficient groups increased significantly (P <p.01)
TABLES 18a AND 18b
The Mean Weekly o(1-Globulin Concentration
(g/100 ml) of Lambs on Different Dietary Treatments
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3 0.69 0.25 0.20
k 0.90 0.21 0.21
5 1.09 0.23 0.21
6 1.24 0.21 0.20
Standard error - 0.09
Means calculated from 10 values














9 0.47 0.69 0.21
10 1.30 0.51 0.22
11 0.81 0.33 0.22
12 0.92 0.31 0.21
Standard error - 0.20
Means calculated from 10 values
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TABLES 19a AND 19b
The Effect of Zinc Deficiency on cxI-Globulin
in Male and Female Lambs











Male 1.28 0.23 0.21
Female 0.68 0.21 0.20
Standard error - 0.07
Means calculated from 5 values











Male 0.89 0.53 0.23
Female 0.86 0.37 0.20
Standard error - 0.14
Means calculated from 5 values
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TABLES 20a AND 20b
The Mean Weekly o(2-Globulin Concentration 
(g/100 ml) of Lambs on Different Dietary Treatments
in Periods 1 and 2














3 0.61 0.56 0.44
h 0.71 0.53 0.46
5 0.71 0.52 0.44
6 0.74 0.50 0.42
Standard error - 0.05
Means calculated from 10 values














9 0.73 0.61 0.41
10 1.71 0.63 0.45
11 1.01 0.54 0.44
12 1 .06 0.52 0.43
Standard error - 0.25
Means calculated from 10 values
TABLES 21a AND 21b
The Effect of Zinc Deficiency on &2-Globulin
in Male and Female Lambs
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Male 0.61 0.75 0.42
Female 0.45 0.63 0.45
Standard error - 0.02
Means calculated from 5 values











Male 1 .21 0.68 0.41
Female 1 .04 0.46 0.45
Standard error - 0.18
Means calculated from 5 values
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during six weeks from 0.21 to 0.92 g/100 ml for ^1-globulin 
and from 0.50 to 1.06 g/100 ml for 2-globulin. The d1- 
and ci2-glouulixi concentrations in the corresponding pair- 
fed control groups remained constant at 0.21 and 0.44 g/
100 ml respectively.
Effect of Zinc Supplementation
Mean c<1 - and oC2-globulin concentrations, 1.24 and
0.74 g/100 ml respectively at the commencement of Period 2
decreased significantly (P<0.01) in the ad lib control group
(previously Zinc deficient in Period 1) down to 0 .3I and
0.52 g/100 ml respectively after six weeks of consuming Zinc
supplemented diet. The correspondingc^l- andcf2-globulin
concentrations in the pair-fed control groups at Week 6
were 0.21 and 0.43 g/100 ml respectively.
Effect of Zinc Deficiency onO(1 - andQÇ2-Globulins 
in Males and Females
The mean concentrations of these proteins showed 
higher trends in the males than in females. The male 
c<1-globulin was y/o higher than females, whilst male 
cf2-globulin was 16̂ 6 higher than females.
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Plasma p- and X-Globulin Concentrations
The results for mean concentrations of and 
"îf-globulins are shown in Tables 22a, 22b; and 24a and 
24b respectively.
Period 1
Results in Tables 22a and 24a show that both the 
mean andy-globulin concentration of the Zinc deficient 
group increased significantly (P <0.05) during six weeks, 
the mean concentration of ^-globulin increased from 
0.67 g/100 ml to 1.98 g/100 ml; the mean %-globulin 
concentration increased from 0.75 g/100 ml to 2.37 g/
100 ml.
Further, both the p- and /-globulin concentrations 
of the Zinc deficient group, 1.65 g/100 ml and I .90 g/
100 ml, were significantly higher (P <0.001 ) than the 
corresponding concentrations 0.80 g/100 ml and 1.02 g/
100 ml for and ^globulins respectively in the pair-fed 
control group.
Effect of Zinc Deficiency on ft- and y-globulins 
in Males and Females
The results in Tables 23a and 25a show that there 
was no significant difference between male and female Zinc 
deficient lambs in either f>- or jÿ-globulin concentration. 
Period 2
Results in Tables 22b and 24b show that the mean 
f) - and ^globulin concentrations of the Zinc deficient group 
increased significantly (P <0.05) during six weeks; the 
mean p-globulin increased from 0.7Ô to 1.92 g/100 ml, and 
the mean Jf-globulin concentration increased from 0.99 to
2.39 g/100 ml.
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TABLES 22a AND 22b
The mean weekly ^-Globulin Concentration (g/100 ml) 
of Lambs on Differeût Dietary Treatments in Periods 1 and 2














3 1.32 0.75 0.82
4 1.52 0.73 0.79
5 1.79 0.76 0.78
1.90 0.78 0.80
Standard error - 0.07
Means calculated from 10 values














9 1 .24 1 .38 0.81
10 1.95 0.99 0.77
11 1.77 0.81 0.76
12




Standard error - 0.16
Means calculated from 10 values
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TABLES 23a AÎ D 23b
The Effect of Zinc Deficiency on ^-Globulin
in Male and Female Lambs



















Standard error - 0.05
Means calculated from 5 values



















Standard error - 0.10
Means calculated from 5 values
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TABLES 24a AND 2Ub
Mean Weekly ^-Globulin Concentration (g/lOO ml) 
of Lambs on Different Dietary Treatments in Periods 1 and 2














3 1 .51 0.96 1.01
k 1.69 1 .02 1 .02
5 2.02 1 .01 1 .01
6 2.37 0.99 1 .03
Standard error - 0.05
Means calculated from 10 values














9 1 .32 1.66 1 .02
10 2.47 1.24 1.01
11 2.19 1.04 1 .03
12 2.39 0.94 1 .00
Standard error - 0.22
Means calculated from 10 values
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TABLES 25a AM) 23b
The Effect of Zinc Deficiency on ^Globulin
in Male and Female Lambs



















Standard error - 0.03
Means calculated from 5 values



















Standard error - 0.15
Means calculated from 5 values
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Over the last four weeks of the period the mean
y3“ and %-globulin concentrations of the Zinc deficient
group were 1=72 and 2.14 g/100 ml respectively. This was
significantly higher (P-<0.05) than the corresponding
concentrations 0.78 and 1.01 g/100 ml of these globulins
respectively in the pair-fed control group.
Effect of Zinc Deficiency on 8 - and ^^-globulins 
in Males and Females '
The results in Tables 23b and 25 b show that 
there was no significant difference between male and female 
Zinc deficient lambs in e i t h e r o r  ^-globulin concentration. 
Effect of Zinc Supplementation
The meanyS- and(^-globulin concentrations of 
1.98 and 2.37 g/100 ml respectively, of the ad lib control 
group (previously Zinc deficient in Period 1) at the 
commencement of Period 2, decreased significantly (PvlO.Ol) 
after six weeks. The-globulin decreased to 0.69 g/100 ml, 
whilst the^-globulin decreased to 0.94 g/100 ml.
The c or r es p o n d i n g a n d  ̂ ’-globulin concentrations 




An Investigation of Bound and Unbound 
Plasma Zinc by Ultrafiltration
Introduction
The ultrafiltration technique used to measure the 
amount of plasma bound Zinc has been described in Chapter 4. 
This method retained proteins with molecular weights greater 
than 500 which were subsequently analyzed for Zinc by 
atomic absorption spectrophotometry. This quantity of 
Zinc was the bound Zinc.
The general design of this experiment was similar 
to previous experiments, with the exception that only male 
lambs were used.
Five lambs were allocated to each of the groups 
A and B. Group A was fed a Zinc deficient diet for six 
weeks (Period 1) and then fed a Zinc supplemented diet for 
the subsequent six weeks (Period 2). Group B was fed a 
Zinc supplemented diet for the first six weeks (Period 1) 
followed by a Zinc deficient diet for the subsequent six 
weeks (Period 2)• Therefore each group had a control 
group during each six week experimental period.
130.
Results
The amount and proportion of the total plasma 
Zinc bound to plasma proteins (molecular weight >500) in 
group B lambs which were fed Zinc supplement diets for six 
weeks, is shown in Table 26 and Period 1 of Figure 14.
The mean quantity of protein bound Zinc in this group for 
six weeks was 1 .05 jig.Zn/ml. This was a mean 92.4 per 
cent of the total plasma Zinc. Therefore, by calculation, 
the proportion of unbound plasma Zinc was a mean 7.6 per 
cent.
The effect of feeding a Zinc deficient diet on 
the amount and proportion of bound and unbound plasma Zinc 
is shown in Period 2, Figure 14 and Table 27. The amount 
of protein bound Zinc decreased rapidly by 22.5 per cent of 
total plasma Zinc during the first week of feeding the Zinc 
deficient diet; at the beginning of the period, the bound 
Zinc was 1.05 jig.Zn/ml, corresponding to 92.1 per cent of 
bound Zinc in total plasma Zinc, which decreased to 0.16 jig.Zn/ 
ml, 69.6 per cent of total plasma Zinc, during the first week 
of feeding the deficient diet. The amount of protein bound 
Zinc continued to decrease for the following three weeks, 
reaching the lowest amount, O .07 jig.Zn/ml, in week 10.
During weeks 11 and 12, however, there was a trend showing
<>•
protein bound Zinc increasing. This increase did not reach 
levels of statistical significance within the time of the 
experiment.
The amount of unbound plasma Zinc shown in Figure 
14 and Tables 26 and 27 was relatively unchanged throughout 









Time on experim ent (w e e k s )
FIG. 14 GROUP B EFFECT OP ZINC SUPPLEÎ.ÎENTATION IN
WEEKS 1-6 ON TOTAL PLASMA ZINC, 
BOUND AND UNBOUND ZINC.
This graph also shows the effect of Zinc 
deficiency in weeks 6-12 on total plasma 
Zinc, bound and unbound zinc.
@ Total plasma Zinc concentration
0-0-0 Plasma bound Zinc
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from Zinc supplemented in Period 1 to Zinc deficient diet 
is reflected, to a slight extent, in the amount of unbound 
Zinc shown in Figure 14* A slight decrease In unbound Zinc 
concentration occurred during the first few weeks of Period 
2, subsequently a slight rise was apparent before the end 
of this Period.
The results of feeding a Zinc deficient diet to 
lambs in group A confirmed in the main, the results for 
similarly treated lambs in group B. These results for 
group A are shown in Period 1 of Figure 15* The protein 
bound Zinc decreased rapidly during the first week by 
17.0 per cent of the total plasma Zinc.
In the subsequent weeks, the protein bound Zinc 
in group A lambs appeared to adapt sooner to the Zinc 
deficient diet and did not reach the low values compared 
to lambs in group B.
When the lambs in group A were fed the Zinc 
supplemented diet in Period 2 shown in Pig. 15, Tables 28 & 29 the 
protein bound Zinc increased rapidly in the first week but 
more slowly during subsequent weeks achieving values similar 
to controls after five weeks.
The amount of unbound Zinc remained relatively 
unchanged during Periods 1 and 2.
In both groups A and B, it was noticeable (Figures 
14- and 15) that both the plasma bound and the total plasma 
Zinc levels, showed similar trends during the experimental 
periods.
;35.




Time on experim ent ( w e e k s )
FIG. 15 GROUP A EFFECT OF ZINC DEFICIENCY IN WEEKS
1-6 ON TOTAL PLASMA ZINC, BOUND AND 
UNBOUND ZINC.
This graph also shows the effect of Zinc 
supplement in weeks 6-12 on total plasma 
zinc, bound and unbound Zinc.
* @ # Total plasma zinc concentration
0—0—0 Plasma bound zinc.
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CHAPTER 9
Investigation of Zinc Binding Plasma Proteins
Introduction
The main objective of the following experiments 
v/as to locate and characterize the Zinc binding proteins 
in plasma of Zinc deficient lambs. Prom the results seen 
in Chapter 8 it is reasonable to assume that a great 
proportion of plasma Zinc was in the bound state, and 
probably bound to plasma proteins.
The methods used to separate the Zinc binding 
proteins are described in Chapter U; these were ion-exchange 
and gel filtration chromatography. After the plasma 
proteins fractions had been separated by ion-exchange, the 
fractions containing Zinc, fraction numbers 55 - 90 
inclusive shown in Figure 16, were pooled and further 
separated by gel-filtration.
The methods used to characterize the Zinc binding 
proteins were: disc gel electrophoresis, molecular weight
determinations, and the trypsin-protein esterase activity.
All these methods are described in Chapter U. Molecular 
weight determinations were confirmed by the ultracentri­
fugation method of Schonenberger et al (1968).
139.
Results
A typical separation of the plasma proteins of 
Zinc supplemented lambs by ion-exchange chromatography is 
shown in Figure 16. After analysis of all fractions by 
Atomic absorption spectroscopy, only fractions 55 to 90 
inclusive, were found to contain detectable amounts of Zinc.
These Zinc containing protein fractions were 
pooled and further separated by gel-filtration. A typical 
separation pattern is shown in Figure 17* The Zinc was 
located in two protein peaks. The first protein to be 
eluted from the column in fractions 11 to 1U contained a 
smaller amount of protein, a mean 0.2U - 0.06 g/100 ml, 
than the second eluted protein in fractions 15 to 21 which 
contained a mean 3*5 - 0.15 g/100 ml. The corresponding 
Zinc content of these fractions showed that the first 
eluted protein contained a mean of 25 - 0.05 jig.Zn/100 ml; 
this was 66 per cent less than the mean Zinc content,
75 - 0.07 jig.Zn/100 ml of the second eluted protein.
The eluted fractions from the gel-filtration 
column were tested on polyacrylamide gel electrophoresis 
at pH 8.1. The results (Figure 18) show that samples 
from both the first and second eluted protein fractions, 
corresponding to fraction numbers 11 to 14, and 15 to 21 
in Figure 17 respectively, contained two seperate protein 
bands. A distinct slow moving protein band is shown in 
gel 1 and a faster protein band in gel 3* The migration 
characteristics of these protein bands agreed with those 
published by Maurer (1971) and Smith (1968) for 








100908060 700 0̂3Ct 5020 3010
PIG. 16 SEPERATIQN OF ZINC CONTAINING PROTEINS IN 
LAÏÆB PLASM
Ion-exchange chromatography v/as used in 2.6 x 
40 cm. columns of D.E.A.E.-cellulose. The 
columns were equilibriated with 0.025M Succinic 
acid and 0.2M-tris hydrochloride buffer, 
pH 8.6.
Each fraction = 10 ml.
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FIG. 17 SEPEHATION OP POOLED ZINC CONTAINING FRACTIONS 
BY GEL FILTRATION
Fraction No. 55-90 inclusive from the Ion- 
exchange chromatography were pooled and 
separated by Gel-filtration using Sephadex 
G-100 on 2.6 X  kO cm. columns, equilibriated 
with 0.1M-tris hydrochloride buffer, pH 8.2. 
Each fraction = 5 ml.
0—0—0 Zinc concentration 
_____  Protein concentration
Polyacrylamide Disc Gel Electrophoresis 
of Proteins in Eluate Fractions from 
Gel Filtration and Ion-Exchange Chromatography












samples were placed on gels at negative end
proteins migrated towards the positive end.
1 shows separation of protein from pooled 
fractions 11 to 1U (Pig. 1?) eluted from 
gel filtration coluiTin.
2 shows separation of proteins from pooled 
fractions 35 to 70 (Pig. 1 f>) eluted from 
ion-exchange coluimn.
3 shows separation of proteins from pooled 
fractions 13 to 21 (Pig. i7) eluted from 
gel filtration column.
U shows separation of proteins from pooled 
fractions 70 to 90 (Pig. 16) eluted from 
ion-exchange column.
3 contained sample of eluant from fraction 
23 of gel filtration coluinn.
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These tv/o proteins are also shown in Figure 18 
separated from ion-exchange chromatography eluate fractions 
before they were further purified by gel-filtration.
Gel 2 and 4 show (%2-macroglobulin ana albumin respectively. 
The contrast between the separation of these two proteins 
by gel filtration after ion-exchange chromatography, is 
very marked; fewer contaminating protein bands are present 
in gels 1 and 3*
Further identification of %2-macroglobulin in 
gel-filtration eluates was made by pooling eight protein 
bands and measuring the trypsin-protein esterase activity 
by the method described in Chapter 4. The pooled eluted 
fractions 11 to 14 shown in Figure 17 from the gel-filtration 
column were tested directly to show the presence of 
C(2-macroglobulin.
The molecular weight of o(2-macroglobulin and for 
albumin v/as determined by the method described in Chapter 4. 
The molecular weight of 0(2-macroglobulin was 790,000; and 
of albumin was 60,300.
The molecular weight of lamb or sheep ^2-macro- 
globulin has not previously been found by the author in any 
published work. This present result, however, is in close 
agreement with the molecular weight determined by 
Schonenberger (1968) for 0(2-macroglobulin in human plasma.
The molecular weight of albumin as determined in this work 
is also in close agreement with the molecular weight for 




Investigation of Dietary Zinc Deficiency
on Plasma Bound Zinc
Introduction
It was the intention to study the effect of a 
Zinc deficient diet on the proportion of plasma bound Zinc 
and on the distribution of Zinc between the different 
binding proteins.
The design of this experiment was similar to the 
previous outline described in Chapter 4. Male and female 
lambs were pair-fed and the investigation conducted for 
six weeks. This experiment was conducted in March of 
three consecutive years.
Plasma samples were taken, and the previously 
identified Zinc binding plasma proteins, albumin and 
^2-macroglobulin, were seperated by methods of ion-exchange 
and gel-filtration chromatography which are described in 
Chapter 4. These fractions were analyzed for proteins 
by the method of Lowry et al (1951) with modifications by 
Reider (1959), and for Zinc by Atomic absorption spectro­
photometry. These methods have also been described in 
Chapter 4.
The amount of Zinc bound to &2-macroglobulin and 
albumin fractions was calculated and expressed as g.atoms 
Zinc per mole protein. The molecular weights of the 
proteins used for this calculation were determined as 
described in Chapter 4 and recorded in Chapter 9.
145.
Results
Little difference was observed between the 
results for the pair-fed and ad libitum control groups, 
and therefore only the results of the pair-fed control 
group are presented in the following tables for comparison 
with the Zinc deficient group.
The results are presented to show the effect of 
dietary Zinc deficiency on the concentration of albumin 
and d^-macroglobulin. The Zinc concentration of these 
fractions is expressed in two ways. Firstly, as jig.Zinc 
per 100 ml plasma in Table 32 and 33 respectively, and 
secondly, as g.atoms Zinc per mole of the respective 
protein, in Table 34 and 35. Finally, the amount of 
unbound Zinc is presented in Table 39*
Concentration of Albumin
The mean albumin concentrations in the Zinc 
deficient groups, shown in Table 30, decreased significantly 
(P 43.01) from 3*6 to 2.4 g.Zn./lOO ml in males and from
3.4 to 2.6 g.Zn,/100 ml in females during the six week 
experimental period. This decrease in albumin concentration 
however, when compared with the control group, occurred 
during the last three weeks of the period. Therefore, 
dietary Zinc deficiency had no apparent effect on the 
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Concentration of #2-macroglobulin
The mean c(2-macroglobulin concentrations in the 
Zinc deficient groups, shown in Table 31, increased 
significantly (P {0.01) during the six week period from 
0.23 to 0.36 g/100 ml in males and from 0.24 to 0.32 g/
100 ml in females.
Zinc Concentration in the Albumin Fraction
The mean Zinc concentration of the albumin 
fraction in Zinc deficient groups shown in Table 32, 
decreased significantly (P <0.01) during the first week 
from 70 to 10 jigZn./l00 ml in males, and from 76 to 
12 oigZn./lOO ml in females. The low Zinc concentrations 
were reasonably constant for the remaining five weeks of 
the period.
Zinc Concentration in the oC2-macroglobulin Fraction
The mean Zinc concentration of the (X2-macroglobulin 
fraction in Zinc deficient groups shown in Table 33, 
decreased significantly (P -sO.01) during the six weeks from 
a mean of 24 jigZn./lOO ml at the beginning of the period to
7.5 jJigZn./lOO ml in week 6.
A comparison of the means shown in Table 33 
between the male and female Zinc deficient and pair-fed 
groups, showed that the Zinc concentration of the Zinc 
deficient females did not decrease significantly (P <t).Ol) 
until week 4 of the period. In the male Zinc deficient 
group, however, the Zinc concentration decreased signi­
ficantly (P <0 .01) in week 2.
It must be noted therefore that Zinc deficient 
lambs lost Zinc from their #2-macroglobulin fractions much 
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Albumin - Bound Zinc
Table 3U and Figure 19 show that the amount of
AlVMimTTi "hnnnrl 7.i nr* H ̂ar*Y»<=*o ci/=><H i n  + h 7inr»
groups during the first week. In the control group, 
however, the albumin bound Zinc remained reasonably constant. 
In the males there was an overall decrease over the six weeks 
from 0.016 to 0.003 g.atoms Zinc/mole albumin. In the 
females there was an overall decrease from 0.020 to 0.006 
g.atoms Zinc/mole albumin.
It must be noted that the low values for albumin 
bound Zinc were maintained for the remaining five weeks of 
the experiment.
Table 35 shows the proportion of the total plasma 
Zinc which was bound by albumin. The total plasma Zinc 
during this period is shown in Table 36. During the first 
week of consuming a Zinc deficient diet, the percentage of 
the total plasma Zinc decreased from a mean of 63*0 to 
29.0 per cent.
The percentage of the total plasma Zinc which 
was bound by albumin, remained low in the males for the 
remaining five weeks of the period; in the females, 
however, during the last three weeks of the period there 
was a trend showing a higher percentage of the total plasma 








Time on experiment (weeks)
PIG. 19 effect op d e f i c i e n c y on ALBUIHN BOUND ZINC 
IN PLASMA
•— • Zinc deficient male
0— 0— O Ad lib male control 
A —A  A  Zinc deficient female
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Table 37 and Figure 20 show that the 0C2-macro- 
globulin in Zinc deficient la:r.bc retained bound Zinc at 
comparable levels to (\2~macroglobulin bound Zinc in controls 
for two to four weeks after first feeding the Zinc deficient 
diet. Eventually in both the Zinc deficient males and 
females, the ^2-macroglobulin bound Zinc decreased signi­
ficantly (P <0.01) by week 6. The males and females 
differed in the length of time that the ^2-macroglobulin 
retained bound Zinc.
In the Zinc deficient males, the o(2~macroglobulin 
retained bound Zinc for two weeks. This bound Zinc decreased 
significantly (P <t).Ol) in week 3 from 1.26 g.atoms to O.3U 
g.atoms Zinc/mole (^2-macroglobulin in week 6. The control 
group retained a relatively constant amount of %2-macroglobulin 
bound Zinc during the entire six weeks.
In the Zinc deficient females, however, the 
&2-macroglobulin retained bound Zinc for four weeks. The 
%2-macroglobulin bound Zinc decreased significantly (P <0.01 ) 
in week 5 from 0.84 g.atoms to 0.19 g.atoms Zinc/mole 
C^-macroglobulin in week 6.
Table 38 shows that the proportion of the total 
plasma Zinc bound by 42-macroglobulin in the Zinc deficient 
groups increased during the experimental period. The 
highest percentage of bound Zinc in the deficient males was 
68.3 per cent in week 1, and in Zinc deficient females was 
66.7 per cent in week 2.
It was noticeable, however, from the results that 
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FIG. 20 EFFECT OF ZINC DEFICIENCY ON 0C2-MACR0GL0BULIN 
BOUND ZINC IN PLASMA
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the end of the period, especially in the Zinc deficient 
female group where the percentage of the total plasma Zinc 
uouiiu uy c\2~uiacruglouulin decreased to pair-red control 
group values.
Unbound Plasma Zinc
Table 39 shows that the amount of unbound Zinc 
in lamb plasma decreased significantly (P<0.01) during the 
first week of feeding a Zinc deficient diet from a mean of 
19*0 jigZn. to 4.0 jigZn./lOO ml. The low values for unbound 
Zinc persisted for the remaining five weeks of the experi­
mental period.
Table 40 shows that in Zinc deficient lambs the 
percentage of the total plasma Zinc which was unbound did 
not decrease during the period. Instead there was a slight 
increase in the percentage of bound Zinc between the first 
and last weeks of the experimental period. In the Zinc 
deficient males, the percentage of unbound Zinc increased 
from 15 to 18 per cent over six weeks, whilst in the Zinc 
deficient females, the percentage of unbound Zinc increased 
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The results in Chapter 5 showed that when lambs 
consumed a diet which was severely deficient in Zinc, their 
performance was poor. This was noticeable within the first 
two weeks of feeding the diet. Measurements of food intake, 
growth, and food conversion efficiency showed no apparent 
indication that the Zinc deficient lambs had been able to 
adapt to this deficiency during a six week experimental 
period. Moreover, the progressive increase in external 
clinical symptoms shown in Chapter 6 further showed the 
apparent inability of the lambs to adapt to the 98 per cent 
decrease in the Zinc level of the diet.
Although these results confirm those by Mills 
et al (1967) and Ott et al (1964) they do not confirm the 
suggestion by Miller (1969), Miller (1970) and Miller et 
al (1970) that ruminants have a homeostatic control mechanism 
for Zinc. These workers showed that homeostatic control of 
Zinc existed and functions mainly through increasing the 
absorption of Zinc from the gut. With low Zinc diets of 
2 mgZn./Kg, up to 80 per cent increase in ^^Zn absorption 
was recorded, whilst with dietary Zinc level of 16.0 mgZn./
65Kg, only 53 per cent of Zn was absorbed. They concluded 
from these results on calves that ruminants in general, 
possessed a similar homeostatic control of Zinc. It was 
further suggested by Miller (1969) that this homeostatic 
mechanism in ruminants, does not fail with a very severe 
Zinc deficiency.
164.
As the Zinc deficient diet was fed ad libitum 
to the lambs in the present experiment, it would have been 
expected that the lambs increased their absorption of Zinc 
from the intestine by up to 80 per cent at least, if 
similar mechanisms were functioning in lambs as in calves. 
This did not take place. It would appear, therefore, from 
a consideration of the whole animal and its husbandry, that 
a diet containing 0.9 mgZn./Kg may have been too severely 
Zinc deficient thus causing the homeostatic mechanism to 
break down, or alternatively a homeostatic mechanism 
continued to function at a much lower level, sufficient to 
maintain essential life functions.
When the Zinc deficient lambs were subsequently 
fed Zinc supplemented diets, their performance improved 
very rapidly each week. This suggests that the tissue 
resources of Zinc could not have been completely depleted, 
and further suggests that Zinc must have continued to be 
in dynamic equilibrium not only within different tissues, 
but also between the tissues and plasma. If a homeostatic 
control mechanism for Zinc was situated in the plasma, this 
would be ideally located for distributing Zinc to all the 
tissues in the body, and thus maintain a dynamic equilibrium 
with tissue Zinc. Such a mechanism of control could 
function at minimal level of Zinc intake.
The effect of the Zinc deficient diet on the 
performance of lambs involved the food conversion, growth, 
and the food intake of the lambs.
Pood conversion in the Zinc deficient lambs was 
three to four times less efficient than either the pair-fed
1 65 •
or the ad libitum control groups. When the Zinc deficient 
lambs were fed the Zinc supplemented diets containing 
40 mgZn./Kg, a rapid improvement in food conversion was 
subsequently observed; this compared favourably with 
control values even within one week of supplementing the 
diet.
These results not only confirm the poor food 
conversion reported by Ott et al (1964) in Zinc deficient 
sheep, but they also confirm the rapid recovery in perfor­
mance, especially in food conversion, within the first week 
of feeding a Zinc supplemented diet. The Zinc content of 
the deficient diets used by Ott et al was 2.7 mgZn./Kg; 
this was not as low as the Zinc content, 0.9 mgZn./Kg diet, 
used in the present experiments. Therefore it could be 
argued that a longer recovery time would have been expected 
to restore normal food conversion in lambs fed a supple­
mented diet containing 40 mgZn./kg and previously on 
0.9 mgZn./Kg, than in lambs of Ott et al which were fed 
a supplemented diet of 100 mgZn./Kg and previously on a low 
Zinc diet of 2.7 mgZn./Kg. However, a longer recovery 
time did not occur.
The rapidly improved food conversion in the Zinc 
deficient lambs above, when treated with different concen­
trations of Zinc in the supplemented diets, leads to the 
suggestion that the plasma proteins may have had a central 
role in the proportion of the plasma Zinc distributed and 
made available for growth.
The results of the mean growth rate of the Zinc 
deficient lambs during the six week period was significantly
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(p <p.001) lower than the control groups. However, this 
lowered growth rate was not significantly apparent until 
weeks 3-4. Whilst this result is in agreement with Ott 
et al (1964) who also found that Zinc deficiency did not 
affect growth rate significantly for the first three weeks. 
Mills et al (196?), in a similar experiment, found that 
growth was arrested during the first week of feeding a 
Zinc deficient diet. This latter result might have been 
explained by the lower Zinc content, 1.2 mgZn./Kg, of the 
diet used by Ott et al. In the present experiment the 
Zinc content of the diet was 0.9 mgZn./Kg, which was 
comparable to the Zinc content of diets used by Mills, 
nevertheless, the growth response was more comparable to 
results by Ott et al.
It could be argued that lambs had very limited 
capacity to store Zinc in a form that could be used for 
growth during periods of low dietary Zinc intake. The 
Clun Forest Lambs, used in the present experiments and the 
cross-bred native lambs used by Ott et al appeared on this 
basis of not responding quickly to lack of Zinc in the diet, 
to have slightly greater capacity to maintain growth and 
possibly Zinc retention in binding, than the Dorset Horn 
lambs used by Mills et al.
In the present experiments the response of the 
Zinc deficient lambs to the Zinc supplemented diets was 
shown by a rapid increase in growth rate. This increase 
occurred even in the first week of supplementation despite 
the fact that the lambs had been made deficient for as long 
as six weeks.
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This phenomenon of rapid recovery indicates that 
the supplemental dietary Zinc was rapidly * topping up* the 
tissue Zinc via the plasma. An efficient method of Zinc 
transport in the plasma would therefore be important in 
establishing a rapid tissue response. Little is known on 
how Zinc is carried in the plasma and the role of plasma 
proteins in the transport of this element.
The difference in growth response between the 
lambs in the present experiment and those used by Mills et 
al or Ott et al, may have been due to a genetic factor; 
this is suggested because different breeds of lambs were 
used in all three experiments. The Zinc content of the 
pre-experimental diets fed to these lambs may also have had 
an influence on their subsequent growth rates; if such Zinc 
contents however had been recorded, and if the dietary Zinc 
fed to lambs used by Mills et al, was low prior to feeding 
the experimental diet, then it is possible that such lambs 
might have been near a threshold of Zinc deficiency. They 
would have shown depressed growth rates more rapidly than 
lambs which had been fed pre-experimental diets with a 
higher Zinc content.
The effect of dietary Zinc deficiency on the 
intake of food by lambs was shown in Chapter 5* During 
the experimental period of six weeks, lambs consumed a 
significantly (P ^.001) lower amount of Zinc deficient 
diet (0.9 mgZn./Kg) than the lambs in the control group 
(40.0 mgZn./Kg diet). The results showed that even in the 
first week of the experiment, lack of Zinc in the diet 
decreased the intake significantly (P <0.01)
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Several workers including Miller et al (1965), 
Mills and Quarterman (1969), and Miller (1970) have pre­
v i o u s l y  r e p o r t e d  th^t experimentally induced Zinc deficient 
animals consume less food than control animals fed supple­
mented diets. Their results suggest strongly however that 
this decrease in food intake was not simply due to a 
difference in taste between the two types of diet.
Although the basis control of voluntary food 
intake in ruminants is not fully understood, it is never- 
the less accepted that a central hypothalamic mechanism is 
involved. This has been described by Hammond (1971). 
Studies by Tarttelin and Bell (1968) have shown that the 
hypothalamic centre in sheep is divisible into two reci­
procally innervated centres, the feeding centre and the 
satiety centre. The latter centre is dominant and capable 
of overriding the feeding centre. This leads to the 
possibility that the blood supply to these centres could 
carry metabolites or even Zinc ions which might influence 
the activity of the centres directly. More research is 
needed along this line of investigation, especially as 
applied to food intakes of farm animals. It is interesting 
to note, however, that Mills (1970) suggested that reduced 
food intake in Zinc deficiency might be due to a metabolite 
produced in response to the deficiency and that the food 
intake continued to be suppressed until this metabolite was 
cleared. He raakesno further suggestions as to how the 
metabolite could function. It could have been suggested, 
however, that this metabolite stimulated the satiety centre, 
which inhibited the feeding centre and in turn therefore 
caused a decrease in food intake.
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The food intake of the Zinc deficient lambs did 
not show any change in the first or subsequent weeks when 
rea tne zinc supplemented diet. It is proposed therefore, 
in the light of the above suggestion, that the satiety 
centre continued to be stimulated because insufficient time 
had elapsed to clear the metabolite mentioned by Mills.
Bell (1971) reported that the biochemical activity of the 
hypothalamus was difficult to study during satiety or 
feeding. His results suggested that more than a single 
metabolite controls the activity of the neural regulating 
process in feeding.
Throughout the studies on performance of lambs 
fed Zinc deficient diets, there v/as minimal difference 
between the results for male and female lambs.
The effect of Zinc deficiency on plasma alkaline 
phosphatase activity was shown by a gradual decrease over 
six weeks until a low mean enzyme activity of 2.04 Sigma 
units was obtained after six weeks of deficiency. A 
similar decrease in enzyme activity was also obtained in 
response to dietary Zinc deficiency in Period 2, but the 
low enzyme activity of 1 .09 Sigma units was achieved in 
only three weeks instead of the six weeks taken during 
Period 1. In both these instances the time taken for the 
enzyme to decrease its activity was longer than for the 
plasma Zinc level to decrease in response to the Zinc deficient 
diet. Alkaline phosphatase molecules have been shown to 
contain Zinc by Mathies (1958), Engstrom (196I), Levinthal 
and Va1lee (I962) and the enzyme activity was dependent on 
Zinc. Thus when Zinc v/as deficient in the plasma of lambs
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in the present experiment, it was expected that alkaline 
phosphatase activity would show a rapid decrease. This 
expectation v/am not fulfilled as shown by results in 
Chapter 6; because sufficient Zinc was probably available 
in quantities suitable to maintain alkaline phosphatase 
activity.
A decrease in the plasma alkaline phosphatase 
activity in response to dietary Zinc deficiency has also 
been reported by Luecke et al (1957) and Oberlas et al 
(1966) in pigs, and by Miller et al (1965) in calves, 
ho similar work has previously been reported for lambs.
The present results also confirm the other results reported 
in that plasma alkaline phosphatase activity took much 
longer than plasma Zinc to respond to dietary Zinc deficiency.
A difference in activity of alkaline phosphatase 
occurred between male and female lambs fed Zinc deficient 
diets. The Zinc deficient females had significantly 
(P -0.001) lower enzyme activity values than male lambs.
This result was in contrast to results by Miller et al
(1970) who found that Zinc deficient male pigs had signi­
ficantly (P <D.Ol) lower plasma alkaline phosphatase activity 
values than females. In both the present results and 
Miller's, although the sexes differed in the alkaline 
phosphatase results when fed Zinc deficient diets, the total 
plasma Zinc concentration remained at similar low levels in 
the male and female lambs. It could be argued that in 
Zinc deficient lambs, the total plasma Zinc is not a very 
direct measure of the Zinc available for physiological 
activity as Kirchgessner and Schwarz (1975) have suggested 
from their results with lactating cows; their evidence
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indicated that serum alkaline phosphatase activity is a 
more reliable guide in diagnosing Zinc deficiency than 
total Serum Zinc.
There is a need emerging from these results for 
further investigations along several possible lines; 
whether all plasma Zinc in lambs is totally available for 
physiological activity, whether plasma Zinc is divided into 
available and unavailable or bound fractions, or whether in 
normal animals Zinc is present at concentrations much higher 
than that actually needed for full physiological functions.
External clinical symptoms of Zinc deficiency were 
recorded as shown in Chapter 6 for six weeks. When these 
results were compared with the corresponding plasma alkaline 
phosphatase activity during the same period, it was seen 
that the trend of decreasing enzyme activity was similar to 
the trend of gradual deteriorating appearance of the lambs.
An interesting symptom seen on the skin of lambs after the 
wool had been shed was the pin prick sized haemorrhages 
which appeared after three weeks of deficiency. A possible 
explanation for this stems from observations by Parry and 
Lacey (1975) v/ho found that the blood clotting process in 
Zinc deficient lambs decreased during six weeks; their 
results showed that this v/as probably due to the significant 
(P <0.01 ) reductions in the levels of clotting factors T  and
X
These haemorrhages occurred during the same week 
that plasma alkaline phosphatase activity started to decrease 
significantly (P <0.05). Although this observation has not 
been reported previously in lambs, a similar symptom was 
seen in Zinc deficient calves by Miller et al (l9o5). He
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observed a close relationship between the severity of the 
skin lesions and plasma alkaline phosphatase activity.
This Close relationship was not seen in the present experi­
ments to the same extent.
It might be argued that the skin lesions became 
apparent after a possible homeostatic mechanism for plasma 
Zinc control had broken down during the severe Zinc deficiency. 
Therefore, if the Zinc deficiency had been less severe and 
for a shorter period, then homeostatic control for Zinc in 
the plasma might have maintained a sufficient concentration 
of physiologically available Zinc to avoid the appearance of 
skin haemorrhages.
One of the main aims of this thesis was to 
investigate whether Zinc deficient lambs could adapt to 
maintain plasma protein levels. Previous experimental 
evidence has shown a relationship between Zinc and proteins. 
This has been observed, not only in the Zinc binding 
properties of human plasma proteins shown by several workers 
including Vikbladh (1951), Wolff (1956) and Giroux (1975), 
but also a Zinc protein relationship has been shown by Mills 
et al (1 9 6 9) v/ho showed that Zinc was necessary for protein 
synthesis in rats, and by Van Campen and House (1973) v/ho 
showed that low dietary protein v/as correlated with lov/ 
plasma Zinc.
The results in Chapter 7 showed that the mean 
plasma protein concentration increased signficantly (P <0.01) 
each week in lambs fed Zinc deficient diets, whilst lambs 
fed the Zinc supplemented diets maintained a relatively 
constant concentration of plasma proteins throughout.
Results of similar studies by Ott et al (1964)
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also showed a consistent increase in plasma protein concen­
tration during Zinc deficiency in lambs, but this increase 
was not so large as in t h e  p r e s e n t  exp.enj m e n t  ̂ a n d  also it 
did not reach statistical levels of significance. Similar­
ly, the consistent increased concentration of plasma proteins 
in experiments reported by Miller et al in Zinc deficient 
pigs was less than in experiments reported by Ott et al.
If the size of these three protein responses to Zinc 
deficiency are compared with the Zinc content of the 
respective diets;-
Zinc content of present diet: 0.9 mgZn./kg.
" ” Ott* s diet; 2.7 mgZn./Kg.
" " " Miller's diet; 12.0 mgZn./Kg.
then it is noticeable that the greatest increase in plasma 
protein concentration occurred with the lowest dietary 
Zinc, whilst the least increase in protein concentration 
occurred with the highest dietary Zinc.
The response of the Zinc deficient lambs to 
Zinc supplementation was immediate, with the raised concen­
tration of plasma proteins decreasing until normally- 
accepted control levels of plasma proteins resulted after 
six weeks.
The concentration of albumin and globulin fractions 
were measured and recorded in Chapter 7* The results 
showed that the mean globulin concentration of the Zinc 
deficient lambs had increased significantly (P <0.01) in 
concentration each week, and it was significantly (p <0.01) 
higher during the six week experiment than the globulin 
concentration of the Zinc supplemented control group.
In contrast to the globulin results, the albumin 
concentration of the Zinc deficient lambs was significantly
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(p <0.001 ) lower than the Zinc supplemented lambs, and 
decreased gradually but significantly (P <0.01 ) each week.
When Zinc supplemented diets were fed, however, 
both the albumin and globulin levels in the Zinc deficient 
lambs showed an immediate response by increasing and 
decreasing in concentration respectively. These changes 
in both proteins were significant (P <0.01) each week until 
their concentrations had returned, after five weeks, to 
similar concentrations found in control lambs. This evidence 
indicates that Zinc stimulated the synthesis of albumin, 
whilst it inhibited the synthesis of globulins. This would 
therefore suggest that the concentration of albumin was low 
during Zinc deficiency because of lack of stimulus for its 
synthesis.
The trend of higher globulin and lower albumin 
concentrations shown above in Zinc deficient lambs agrees 
with previously reported results by Ott et al (1964) in 
lambs, by Hoefer et al (i960). Smith et al (I960) and Miller 
et al (1968) in pigs, and by Miale et al (1963) in human 
patients. The increased globulin concentration also 
confirms the increased fibrinogen level found by Parry and 
Lacey (1975) in Zinc deficient lambs. Their results showed 
that the fibrinogen level increased consistently during six 
weeks.
Results by Ott et al showed that whilst the 
globulin increased significantly (P <0.01), no significant 
lowering of albumin concentration was observed. Results 
in pigs, reported by Miller et al (1966), showed significant 
increases and decreases in globulin and albumin fractions 
respectively, and are thus in agreement with the results
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for lambs in the present experiments.
The results of estimating the individual globulin 
fractions, viz: aj - , CC2-, ^ , and V  globulina in Zinc 
deficient lambs, snowed that significant increases in 
concentration occurred in these fractions during the experi­
mental period; whilst the concentration in the control 
lambs remained constant. It is interesting to note the 
percentage increase in concentration of globulin fractions 
after six weeks of Zinc deficiency, as set out below;-
Period 1 Period 2 
Oil-globulin 396 358
02-globulin U8 112
^-globulin 167 1 h6
'^globulin 139 1UU
Total-globulin 158 160
Whilst the ^  and ^globulin fractions increased 
by similar percentage rises as the total globulin, the oil 
and 0(2-globulin fractions were affected differently by the 
Zinc deficiency. The OH-globulin showed the highest 
percentage rise, whilst d2-globulln showed the least per­
centage rise during both deficiency periods. It is 
interesting to note that the c(2-globulin fractions contains 
2-macroglobulin, 'which was shown in Chapter 10 to be the 
Zinc containing protein showing least change in Zinc content 
during deficiency.
The response of the Zinc deficient lambs to the 
Zinc supplemented diet, was again immediate, with the 
concentrations of globulin fractions decreasing during six 
weeks until their concentrations had returned to control 
levels.
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ûtt et al (196U) also found that the ^globulin 
concentration increased significantly in Zinc deficient 
lambs, but they did not estimate separately the and 
Ç>-globulin fractions. Miller et al (1968) has also found 
a similar increase in h(2- and )dglobulin concentration in 
Zinc deficient pigs; their o(1-globulin, however, decreased 
whilst the Ç>-globulin concentration was the same in both 
Zinc deficient and Zinc supplemented pigs.
The pr- and Jf-globulin fractions showed no differ­
ences in concentration between male and female lambs in 
Zinc deficiency. The o(1 - and 0(2-globulins, however, had 
higher concentrations in the males than in the females.
It is tempting to speculate from these results that the 
female had a more efficient mechanism of homeostatic 
regulation of plasma Zinc levels and hence the regulation 
of - and 0(2-globulins. Evidence which goes somewhat to 
support this speculation has come from work by Yunice et 
al (1975). They found that a balance could be operating 
in the female between oestrogens causing a decrease, and 
progesterone causing an increase in plasma Zinc; thus the 
female might be more protected than males against the 
effects of Zinc deficiency. No previous reports have 
been found published on differences between Zinc deficient 
male and female lambs.
It would seem probable that the increased total 
protein concentration reported earlier, was due to the 
increased concentration of the globulin fraction. Ott 
et al (I96h) suggested that the increased globulin concen­
tration v/as probably a response to secondary infection from 
the open lesions on the skin. This does not seem to be a
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possible explanation from the results of the present experi­
ment because the globulin concentration increased significantly 
(P<0.01) even during the first and second weeks of feeding 
the Zinc deficient diet, before the skin lesions became 
apparent in the third week.
Throughout these studies there was evidence that 
the metabolism of plasma proteins changed in lambs when they 
were fed Zinc deficient diets. The fact that the globulin 
concentration increased and albumin concentration decreased, 
suggests a diminution in the ability to utilize the globulins, 
and possibly a diminution in the lamb's ability to synthesize 
albumin. This suggestion becomes more probable when 
evidence linking Zinc with protein synthesis or protein 
breakdown or even with both of these processes, is considered.
A role for Zinc in protein synthesis has been 
suggested from studies on micro-organisms by Nason et al 
(1951), Winder and Dennery (1959), and Wacker (1962).
Later, several workers, Fujioka and Liebenman (196U),
Williams, Mills, Quarterman and Dalgarno (1965), and 
Williams and Chesters (1970), investigated the effect of 
Zinc deficiency on rates of synthesis of protein and DNA 
within mammalian tissues. There was general agreement from 
their results that Zinc deficiency caused more marked 
inhibition of DNA synthesis than of protein synthesis.
Later, Slater, Mildran and Laeb (1971) reported that Zinc 
v/as a constituent of DNA polymerase. Therefore it is 
possible that Zinc is a requirement for the synthesis of 
certain enzymes involved in DNA synthesis.
178.
Although evidence is available to indicate the 
involvement of Zinc in protein synthesis, it does not give 
a clear explanation fur Ihe increased globulin concentra Lion 
when Zinc is deficient. It is nevertheless possible that 
a deficiency of Zinc caused a decrease in the synthesis of 
an enzyme involved in the metabolism of plasma globulin.
The breakdown of globulins would therefore decrease with the 
consequence that their concentration in plasma would increase.
Accepting, however, that Zinc is involved in 
protein synthesis, then the question of how this mechanism 
is sensitive to changes in dietary Zinc levels remains 
unanswered. When the lambs were given the Zinc deficient 
diet, although the total plasma Zinc concentration decreased 
rapidly in one week, the growth rate and plasma proteins 
did not decrease as rapidly. This indicates that a 
homeostatic mechanism was probably trying to maintain a 
level of Zinc in a form suitable for physiological functions, 
such as protein synthesis. Little information is available 
in the literature on the proportion of bound and unbound 
Zinc in lamb plasma.
The results in Chapter 8 of investigating the 
proportion of unbound and protein bound Zinc in normal 
lamb plasma showed that 93 per cent of total plasma Zinc 
v/as bound to proteins; 7 per cent was calculated to be 
unbound. The method used to determine these two propor­
tions of Zinc depended on the retention of protein molecules 
by a membrane containing a pore size which was too small for 
the passage of molecules with molecular weights greater than 
500. The molecules of Zinc which were not bound to proteins
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of molecular weight greater than 500 would have passed 
through the membrane and become the unbound Zinc fraction. 
Thics f^auuiuii probably also ooxiLained amino acids, because 
most of them would have molecular weights less than 500. 
Therefore it could be argued that possibly not all the 
7 per cent unbound Zinc was physiologically available 
because some was bound to amino acids, as suggested by 
Prasad and Oberleas (1970).
Although no report has been found giving an 
estimate of unbound Zinc in sheep plasma, in human plasma 
however, Prasad and Oberleas (1968) showed that no more than 
3 per cent was unbound, and 97 per cent was protein bound. 
Earlier reports however by Vikbladh (1951), Underwood (1962), 
and Prasad (1966) suggested that all Zinc in human plasma 
was protein bound. These latter reports however made no 
distinction between weakly and strongly bound Zinc, and 
made no suggestions on how the bound Zinc would be affected 
in Zinc deficient conditions.
In the light of these results it was considered 
reasonable to estimate unbound plasma Zinc in lambs to be 
between 3 and 7 per cent of the total plasma Zinc.
The effect of dietary Zinc deficiency on the 
unbound and protein bound Zinc in lamb plasma was shown in 
Chapter 8, Figure 15* These results showed that the 
concentration of unbound Zinc in the Zinc deficient lambs 
during the first week remained unchanged at a mean value 
of 0.1 jig/ral despite the fact that the total plasma Zinc 
concentration decreased by 65.5 per cent from 1.16 to 
0.40 pig/ml. The total plasma Zinc decreased even further 
during the six week period without making any significant 
change in the concentration of unbound Zinc.
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A comparison between these results for unbound 
plasma Zinc and the activity of alkaline phosphatase in 
Zinc deficient lambs seen earlier in Figure 7, indicate^ 
that although the concentration of unbound Zinc remained 
unchanged, the enzyme activity showed a gradual decrease.
No sudden decrease in activity occurred in total plasma 
Zinc. The total plasma Zinc and total bound Zinc started 
to decrease at the same time and almost at similar rates.
These results suggest that unbound Zinc was being 
made available at the expense of the bound Zinc; in this 
way a constant level of unbound Zinc was maintained through­
out. It is difficult to account for the continuing decrease 
in alkaline phosphatase activity whilst the unbound Zinc 
level was held constant, unless some of the estimated 
unbouna Zinc was actually bound to amino acids as suggested 
by Prasad and Oberleas (1970) therefore being unavailable 
for physiological functions. It was apparent that further 
investigations were needed to locate the Zinc binding plasma 
proteins,
The results in Chapter 9 show that Zinc was bound 
to two plasma proteins - albumin and a2-raacroglobulin, in 
Zinc supplemented lambs. No previous reports have been 
found describing the location of bound Zinc in plasma of 
lambs, or ruminant plasma. In human plasma, however,
Parisi and Vctllee (1970), and Boyett and Sullivan (1970), 
have previously separated both albumin and o(2-macroglobulin 
as the two Zinc binding proteins. The quantity of Zinc 
bound by albumin and o(2-macroglobulin was determined in 
both the Zinc deficient and Zinc supplemented control lambs.
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In the Zinc supplemented control lambs the 
percentage of total plasma Zinc bound to albumin was 63 per 
cent, and to &2-macrcglobulin was 22 per cent. These 
proportions of bound Zinc in lambs were similar to results 
in human plasma by Parisi and Vallee (1970) in as much as 
they showed more Zinc bound to albumin than (X2-macroglobulin. 
They found 60 per cent of total Zinc to be albumin bound and 
between 30-40 per cent of o(2-macroglobulin bound Zinc.
Boyett and Sullivan (1970) found that up to 80 per cent of 
total human plasma Zinc was albumin bound and only 13 per 
cent v/as (A2-macroglobulin bound Zinc. More recently 
Girauz and Henkin (1972) found th a t  85-90 per cent was 
albumin bound.
The effect of dietary Zinc deficiency (reported 
in Chapter 10) v/as shown to influence greatly the proportion 
of total plasma Zinc which was bound to albumin and to 
c(2-macroglobulin. The percentage of albumin bound Zinc 
decreased to approximately half compared with Zinc supple­
mented lambs, whilst the percentage of d2-macroglobulin 
bound Zinc more than doubled compared with Zinc supplemented 
lambs.
This result is important because it throws light 
on a possible homeostatic mechanism which controlled the 
bound and unbound plasma Zinc. Previous reports by Wolff
(1956), Prasad (1966), Parisi and Vallee (1970) and Widdowson 
(1974), have established that plasma Zinc v/as loosely bound 
to albumin in such a v;ay th^t it was more easily exchange­
able than the more firmly bouna %2-macroglobulin bound Zinc. 
Most of these previous studies used isotopic Zinc and in 
vitro plasma, to establish tnat a large percentage of Zinc 
was loosely bound. Results from the present experiments
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have extended these previous studies in two directions. 
Firstly, they have defined the effect of Zinc deficiency 
on the proportion of Zinc bouna to albumin and ^2-macroglob- 
ulin in lamb plasma rather than an in vitro control study, 
and secondly, ruminant plasma has been studied rather than 
human plasma.
Before the importance of the above mentioned result 
can be appreciated fully in the context of a possible homeo­
static mechanism in the plasma for controlling unbound Zinc 
levels in Zinc deficiency, the results of the concentration 
and Zinc binding capacity of each binding protein must be 
considered in more detail.
The albumin concentration of the Zinc deficient 
lambs, decreased gradually during the six week experimental 
period shown in Chapter 10, Table 30. In the first week 
both the total plasma Zinc and the percentage of the total 
Zinc which was albumin bound, decreased rapidly. This 
decrease v/as due to a reduction in the amount of Zinc per 
mole of albumin. Figure 19, Table 34; this showed a good 
correlation with the total plasma Zinc levels. This result 
therefore suggested that there were less binding sites on 
the albumin molecule capable of binding Zinc during Zinc 
deficiency rather than less binding sites because of 
decreased amount of albumin. This showed that Zinc must 
have been loosely bound to the albumin, thus confirming in 
lambs similar results found previously for human plasma by 
Wolff (1956), Prasad (1966), Parisi and Vallee (1970) and 
Widdowson (1974).
The cx2-macroglobulin concentration of the Zinc 
deficient lambs increased gradually during the six week 
period. In the first week of deficiency, the percentage
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of the total plasma Zinc which was bound to 32-macroglobulin 
increased rapidly. However, this apparent increase v/as due 
to the c(2-macroglobni in binning the same amount of Zinc per 
mole of protein, but from a decreasing total quantity of 
plasma Zinc; thus the percentage v/as inevitably higher as 
the total plasma Zinc decreased.
It was noticeable that the 32-macroglobulin in 
the Zinc deficient female lambs maintained a constant amount 
of bound Zinc for four weeks before its binding capacity 
decreased rapidly in the fifth week of the experiment.
The Zinc deficient males however were different, and only 
maintained bound Zinc to Ol2-macroglobulin for the first two 
weeks of the experiment. This however may be another 
example which demonstrates the greater protection against 
Zinc deficiency in females, mentioned earlier, afforded by 
the balance between oestrogens and progesterone suggested 
by Yunice et al (1975)*
All these results showed that dietary Zinc 
deficiency had an effect on Zinc binding properties of 
albumin and o(2-macroglobulin. Zinc was loosely bound to 
albumin because less Zinc was bound per mole albumin, even 
as early as during the first week of Zinc deficiency. The 
Zinc bound to 0(2-macroglobulin was more tightly bound because 
the binding sites on the protein retained Zinc for a longer 
period than in albumin. This suggests therefore, that 
d2-macroglobulin was part of a homeostatic mechanism to 
retain Zinc in the plasma= After three to four weeks of 
Zinc deficiency, however, the results showed that Zinc 
binding per mole of c(2-macroglobulin decreased. After
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this relatively prolonged period of deficiency, the homeo­
static function of this protein may have broken down.
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concentration of 42-macroglobulin was increasing during the 
same time (weeks 4, 5, and 6) as fewer binding sites for 
Zinc on the protein molecule were available. This suggests 
therefore, that after prolonged Zinc deficiency the amino 
acid composition or the conformation of the newly synthesized 
32-macroglobulin molecules were different from the previously 
synthesized molecules. Alternatively the reduced availa­
bility of plasma Zinc may have fallen below the concentration 
for maximum binding by 32-macroglobulin.
The unbound Zinc has been expressed in Chapter 10 
Tables 39 and 40. The suggestion that not all this Zinc is 
physiologically available but instead may be bound to amino 
acids, has already been discussed. It is however interesting 
to note that the decreased concentration of unbound Zinc 
occurred during the first week of deficiency at the same time 
as the decreased binding of Zinc to albumin.
In the light of these results, coupled with the 
fact that Zinc was loosely bound to albumin, it can be 
suggested that albumin was making unbound Zinc available in 
an attempt to maintain a relatively even proportion of total 
plasma Zinc for physiological needs.
Further evidence to support this suggestion can 
be arawn from the results in Chapter 6 which showed the 
percentage of total plasma unbound Zinc determined by 
ultrafiltration. This percentage was considerably higher 
during the first four to five weeks of Zinc deficiency than 
in the Zinc supplementen plasma.
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It could be argued therefore, that Zinc deficiency 
was a direct or indirect cause of Zinc being dissociated 
from albumin. The resulting unbound Zinc, in wnole or in 
part, might have become bound to low molecular weight 
peptides or amino acids and passed through the pores of the 
ultrafilter membrane and thus contributed to the unbound 
Zinc fraction.
From the behaviour of albumin in experimental 
Zinc deficient lambs, the results suggest that it has a 
role as part of a homeostatic mechanism which makes Zinc 
available rapidly. It would seem that Zinc is more loosely 
bound to albumin than it is to 32-macroglobulin and therefore 
albumin would release Zinc from its bound form and maintain 
the amount of unbound and hence physiological available 
Zinc.
Evidence has been presented to suggest that 
o(2-macroglobulin retains its Zinc longer than albumin, and 
therefore had the role of a transport protein for Zinc in 
plasma. This retention persisted long after the total 
plasma Zinc had been reduced and after the equilibrium was 
upset. This property of 32-macroglobulin may be part of a 
mechanism which functions in severe situations.
These studies, whilst they have not fully clari­
fied the homeostatic mechanism for regulating either bound 
or unbound plasma Zinc, have shown a relationship which has 
not previously been identified between total plasma Zinc, 
plasma protein bound and unbound Zinc in lamb plasma.
Evidence has also been shown for suggesting a homeostatic 
control of Zinc in plasma.
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A further suggestion is that the imposed Zinc 
deficiency in the present experiments was probably too 
severe to detect the finer points nf homeostatic control 
between bound and unbound plasma Zinc and to correlate these 
biochemical symptoms with the more clinical and external 
symptoms of deficiency.
Therefore, further experiments are recommended 
in which lambs would be made marginally Zinc deficient so 
that homeostatic mechanisms could be studied before more 
severe deficiency caused a breakdown in such mechanisms. 
Results from these experiments would help in explaining how 
plasma Zinc levels can be maintained as well as the limits 
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APPENDIX.
Abbreviations used in the analysis of variance tables.
S.S. Sum of 8quares.
D.P.........   Degrees of freedom
M.S. Me an s quare
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